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ABSTRACT 
 
CALEB A. KENT: Photo-Active and Redox-Active Metal-Organic Frameworks for Solar 
Energy Utilization 
(Under the direction of Wenbin Lin and Thomas J. Meyer) 
 
Isomorphous metal-organic frameworks (MOFs) based on photo-active Ru(II) or 
Os(II) polypyridal complex building blocks with characteristic strong visible light 
absorption, and long-lived, high-energy excited states were designed and synthesized to 
study the classic Ru to Os energy transfer process for applications in light-harvesting with 
supramolecular assemblies.  The crystalline nature of MOFs allows for determination of the 
distances between metal centers by X-ray diffraction.  The Os doping level was 
systematically varied to experimentally determine relative rates of energy migration. 
Several structures demonstrated rapid excited state energy transfer and 
nano/microscale MOFs were synthesized for light harvesting experiments. Suspensions of 
the particles were quenched by both oxidative and reductive electron transfer reagents at the 
crystal-solution interface. In a remarkable case, greater than 98% steady-state emission 
quenching is observed by energy migration over hundreds of nanometers and interfacial 
electron-transfer. A quantitative Stern-Volmer analysis was developed to distinguish between 
static and dynamic quenching mechanisms and determine the rates of electron transfer.  
The light harvesting characteristics of the MOFs allow them to be utilized as highly 
responsive sensors by an amplified quenching mechanism with the highest triplet excited 
state amplification in the literature. Strong noncovalent interactions between the MOF 
 iv 
 
microcrystal surface and cationic quencher molecules coupled with rapid energy transfer 
through the MOF microcrystal facilitates amplified quenching with an enhancement of 7000-
fold in the Stern-Völmer quenching constant compared to a model complex.  
Additional work has investigated a surprising ligand based singlet-triplet equilibrium 
in the stable complex [Ru(bpy)2(phendione)]
2+
. A singlet ground state is observed in low 
temperature SQUID experiments while a thermally populated triplet is observable at room 
temperature in acetonitrile as confirmed by variable temperature NMR and EPR experiments. 
DFT calculations confirm that the lowest energy triplet is ligand based and the energy gap 
can be tuned by substituent effects of the bpy ligands. 
Incorporation of photo-active Ru polypyridal complexes into MOFs has led to a new 
class of materials that show promise in light harvesting and amplified quenching. Future 
work will attempt to exploit the antenna like behavior of these materials for use in 
photocatalytic systems and by integration into photovoltaic devices. 
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CHAPTER 1 
SYNTHESIS AND CHARACTERIZATION OF PHOTO-ACTIVE AND REDOX-
ACTIVE METAL-ORGANIC FRAMEWORKS 
1.1 Light Harvesting for Solar Fuels 
 Chemists have long been interested in developing artificial photosynthetic systems for 
harvesting and converting sunlight into chemical energy.
1-7
 Photosynthesis integrates 
peripheral, but highly efficient, membrane-bound antenna systems with reaction centers 
where high yield light-to-redox equivalent conversion is utilized to drive chemical 
reactions,
8, 9
 notably water oxidation in Photosystem II
10
 and CO2 reduction in Photosystem 
I.
11
 The light-harvesting antenna of an artificial photosynthetic device must efficiently collect 
diffuse sunlight and transport the energy to catalytic centers for solar fuels production. The 
pigment-protein complexes in nature set a high standard by delivering energy from greater 
than 95% of the absorbed photons to the reaction center although the overall photon energy 
to fuel efficiency is much lower. 
12
  
 An analogous goal in artificial photosynthesis is integration of light absorption and 
redox catalysis for solar fuels production.
13
 Efficient artificial light-harvesting systems have 
been actively pursued, including dendrimers,
14
 supramolecular structures based on 
porphyrins, phthalocyanines, perylenebisimides, polypyridyl metal complexes,
15
 lanthanide 
coordination polymers,
16
 and bridged semiconducting nanoparticles.
17
 Self-assembled 
supramolecular systems are particularly promising because of ease of fabrication and the 
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ability to control macroscopic order through non-covalent interactions. Promising results 
have been obtained on efficient harvesting of photons to give high-energy, redox-separated 
states with efficient redox separation and transport achieved to a limited degree.
5
 Energy 
flow from polypyridyl-based metal-to-ligand charge transfer (MLCT) excited states of Ru(II) 
to Os(II) has provided a useful probe for understanding energy transfer dynamics in ligand-
bridged complexes and hydrogen bonded supramolecular assemblies,
18
 functionalized 
polymers,
19
 rigid media,
20, 21
 crystalline molecular solids,
22, 23
 and across semi-conductor 
interfaces.
9
 
1.2 Photo-Active MOFs 
 The chemistry of metal-organic frameworks (MOFs) has evolved rapidly in recent 
years.
24-27
 Metal-organic frameworks have recently emerged as a new class of hybrid 
materials that can be constructed from a variety of functional building blocks.
28-31
 Most MOF 
research has focused on storage and separation of small gaseous molecules by taking 
advantage of their high microporosities.
32-39
 However, numerous recent reports, many of 
them from the Lin group, have demonstrated that active functional elements can be 
incorporated into MOFs to create hybrid materials with a range of applications in chemical 
sensing,
40-43
 catalysis,
44-47
 biomedical imaging,
48, 49
 and drug delivery.
50, 51
 Photo-active 
MOFs have been designed for nonlinear optics,
52
 luminescence molecular sensing,
53-55
 and 
bio-imaging.
56
 The ability to fine-tune molecular building blocks in MOFs makes them an 
ideal model system for studying energy transfer dynamics in the ordered solid state.  
Compared to the energy transfer systems that have been examined earlier, well-defined MOF 
structures can simplify data analysis, allowing the delineation of structure/property 
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relationships to provide important insights into optimizing energy migration and transfer 
efficiency in artificial light-harvesting systems. 
 We are interested in utilizing MOFs as active structures for light absorption and 
excited state applications in energy conversion with the ultimate goal of achieving artificial 
photosynthesis by taking advantage of their ability to absorb light broadly in the visible via 
metal-to-ligand charge transfer excitations. With their well-defined, repeating structures, 
functionalized MOFs present an opportunity to design and study dimensionally controlled 
antenna structures. Importantly, by studying energy transfer dynamics in the isomorphous 
MOFs with mixed Ru and Os building blocks, we demonstrate the existence of facile inter-
site and long-range energy migration in these structurally defined and strongly bonded 
crystalline solids.  
 These antenna characteristics can be exploited and coupled to excited state reactivity 
for efficiently sensitizing interfacial electron transfer and ultimately, photocatalytic redox 
reactions.  Herein we report successful implementation of this strategy and the first examples 
of oxidative and reductive interfacial electron transfer quenching of MOF microcrystals. We 
demonstrate that Ru(II)-bpy based MOF microcrystals are highly efficient light-harvesting 
structures due to their high visible absorptivities, facile intra-crystal site-to-site energy 
migration to the MOF surface, and efficient electron transfer quenching at the MOF/solution 
interface. Furthermore, this phenomenon can be exploited in sensing applications when 
cationic redox quenchers are introduced because of strong non-covalent interactions with the 
MOF microcrystal surface. Analytes can be detected in the tens of nanomolar concentration 
range and an amplification factor of up to 7000-fold has been observed compared to a model 
complex. 
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1.3 Synthesis and Characterization of Metal Complexes and MOFs 
 1.3.1 Synthesis and Characterization of Metal Complexes 
 The metal complexes utilized as building blocks for MOF crystal growth are shown 
in Figure 1-1. These Ru(II) and Os(II) polypyridal complexes were chosen because their 
favorable characteristics of low energy visible light absorption, long-lived excited states, and 
redox active components. In most cases the complexes contain carboxylic acid linking 
groups for crystal growth. The complexes were linked together through zinc carboxylate 
bonds to form both 2-dimensional and 3-dimensional MOFs. The cyano functional groups of 
L2 and L3 also served as a linking moiety. The photophysical properties of the self-
assembled crystals are largely dictated by the properties of the individual complexes, 
however the protonation state of the carboxylate groups have a large influence on the 
emission energy and therefore direct comparisons between solution measurements and within 
a Zn MOF are not perfect. In general, the emission energy of the MOF is slightly higher than 
the corresponding protonated complex in solution which is in part a result of the absence of 
solvent reorganizational energy in the solid-state.   
  
Figure 1-1. Structure of Ru or Os polypyridal complexes incorporated into metal-organic 
frameworks. 
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 L4 is significantly different than the other building blocks because it does not have 
any linking functional groups for self-assembly. Instead an anionic framework is formed with 
oxalate and Zn or with a combination of Na and Al. This anionic framework achieves charge 
balance by incorporation of the dication L4 within the pores.  
 
Table 1-1. Absorbance, emission, and lifetime data on Ru complexes and MOFs in degassed 
solvents at 23°C ± 2°C. 
 
Absorbance 
λmax (nm) 
Emission 
λmax (nm) 
Lifetime 
(ns) 
Solvent 
1 470 635 610 MeCN 
[L1Ru-H4](PF6)2)* 477 655 1015 MeOH 
2 435 630 1100 MeCN 
L2Ru-H4
57
 530 733 190 DMF 
3 450 655 150 MeCN 
L3Ru-H4
57
 578 - <21 DMF 
4a NaAl - 568 1305 EtOH 
4b Zn - 573 760 EtOH 
L4Ru
58
 451 620 855 MeCN 
 
Table 1-2. Absorbance, emission, and lifetime data on Os complexes and MOFs in degassed 
solvent at 23°C ± 2°C. 
 
Absorbance 
λmax (nm) 
Emission 
λmax (nm) 
lifetime (ns) solvent 
1-Os 445 765 15 MeCN 
[L1Os-H4](PF6)2) 443 790 41 MeOH 
2-Os 450 770 30 MeCN 
L2Os-H4
59
 500 840 - MeOH 
3-Os 464 774 4 MeCN 
4a-Os - 703 53 EtOH 
4b-Os - 707 50 EtOH 
L4Os
60
 480 723 20 MeCN 
 
 In general, the Ru and Os complexes were synthesized by allowing M((CO2Et)2-
bpy)2Cl2 to react with 2,2′-bipyridine or KCN followed by acid-catalyzed hydrolysis and 
anion exchange. A detailed description of the synthetic procedures can be found in section 
1.5.1.  Brief descriptions of these syntheses are shown below. 
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 Ru(4,4’-CO2Et-bpy)2Cl2 was prepared by reacting two equivalents of 4,4’-CO2Et-bpy 
with Ru(cyclo-octadiene)Cl2 polymer in o-dichlorobenzene for two hours at 160 ˚C with 89% 
yield. Ru(4,4’-CO2Et-bpy)2Cl2 and 1.2 equivalents of bpy were refluxed in H2O:EtOH (1:1 
v/v) for 8 hours to give [Ru(4,4’-CO2Et-bpy)2bpy](PF6)2 with a 66% yield. Os(4,4’-CO2Et-
bpy)2Cl2 was synthesized in 76% yield by refluxing OsCl6](NH4)2 and two equivalents of 
4,4’-CO2Et-bpy in ethylene glycol for one hour at 200 ˚C. [Os(4,4’-CO2H-bpy)2bpy](PF6)2 
([L1Os-H4](PF6)2) was synthesized in 45% yield by refluxing Os(4,4’-CO2Et-bpy)2Cl2 and 1.2 
equivalents of bpy in H2O:EtOH (1:1 v/v) for three days followed by acid hydrolysis.  
 Ru(4,4’-CO2H-bpy)2CN2 (L2Ru-H4) Was prepared in 72% yield by refuxing Ru(4,4’-
CO2Et-bpy)2Cl2 with 50 equivalents of KCN in H2O for 12 hours. Os(4,4’-CO2H-bpy)2(CN)2 
(L2Os-H4) was similarly prepared in 68% yield by refluxing Os(4,4’-CO2Et-bpy)2Cl2 with 50 
equivalents of KCN in H2O for 12 hours.   
 Ru(5,5’-CO2Et-bpy)2Cl2 was prepared by reacting two equivalents of 5,5’-CO2Et-bpy 
with the Ru(cyclo-octadiene)Cl2 polymer in o-dichlorobenzene for one hour at 160 °C with 
58% yield. Ru(5,5’-CO2H-bpy)2CN2 (L3Ru-H4) was synthesized in 68% yield by refluxing 
Ru(5,5’-CO2Et-bpy)2Cl2 with 50 equivalents KCN in H2O for 12 hours. Os(5,5’-CO2Et-
bpy)2Cl2 was synthesized in 77% yield by refluxing (NH4)2[OsCl6] and two equivalents of 
5,5’-CO2Et-bpy in ethylene glycol for one hour. Os(5,5’-CO2Et-bpy)2Cl2 was then refluxed 
with 50 equivalents KCN in H2O for 12 hours to afford Os(5,5’-CO2H-bpy)2CN2 (L3Os-H4) 
in 78% yield.  
 1.3.2 Synthesis and Characterization of MOFs 
 All of the MOFs were synthesized under solvothermal conditions. Their syntheses are 
only briefly described below. The detailed procedures are provided in section 1.5.2. 
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 1.3.2.1 Synthesis and Characterization of MOF-1  
 [L1RuZn]•2DMF•4H2O, 1, was prepared by the addition of L1Ru-H4 and Zn(NO3)2 in 
a solvent mixture of DMF and H2O. Bright red crystals were obtained after heating the 
mixture at 90˚C for three days at a 30% yield. Os-doped 1 and 1-Os was prepared in the 
same manner as described above with a variable amount of added L1Os-H4 in similar yields. 
 1 crystallizes in the monoclinic space group P21/c, with one L1 ligand, one Zn atom, 
two DMF and four H2O molecules in the asymmetric unit. The Zn center adopts a tetrahedral 
geometry by coordinating to four oxygen atoms of four carboxylate groups of the L1 ligand, 
forming a 2D bilayer structure.  The distance between the two Ru planes within the bilayer is 
10.2 Å, while the distance between Zn planes is 6.8 Å.  The resulting 2D layers pack along 
the a axis with the close distance of 4.0 Å between Ru planes of adjacent bilayers. 
 
Figure 1-2. Crystal structure of 1. (a) Wireframe model showing the connectivity of L1Ru 
and Zn centers. (b) A side view of a 2D bilayer along the b axis. (c) A top view of the 2D 
bilayer structure along the a axis. (d) A spacefilling model of 2D bilayers along the b axis. 
(a) (b) 
(c) (d) 
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Table 1-3.  Crystallographic data for 1. 
Compound 1 1 (after SQUEEZE) 
Empirical formula C40H20N8O14RuZn C34H20N6O8RuZn 
Formula weight 1003.08 807.00 
Temperature (K) 223 223 
Wavelength (Å) 1.54178 1.54178 
Crystal system Monoclinic Monoclinic 
Space group P21/c P21/c 
Unit cell dimensions 
a = 14.5979(10) a = 14.5979(10) 
b = 13.6986(11)  b = 13.6986(11)  
c = 21.6725(16)  c = 21.6725(16)  
 = 103.250(6)  = 103.250(6) 
Volume (Å
3
) 4218.5(5)  4218.5(5)  
Z 4 4 
Density (calcd. g/cm
3
) 1.579 1.271 
Absorption coeff. (mm
-1
) 4.271 4.014 
F(000) 2008 1616 
Crystal size (mm) 0.12×0.10×0.05 0.12×0.10×0.05 
Crystal color & shape red block red block 
 range data collection 3.85 – 42.00 3.85 – 42.00 
Limiting indices 
-12< h <12 -12< h <12 
-8< k <11  -8< k <11  
-15< l <18  -15< l <18  
Reflections collected 6720 6720 
Independent reflections 2574[Rint =0.0515] 2754 [Rint= 0.0520] 
Refinement method Full-matrix least-square on F
2
 Full-matrix least-square on F
2
 
Data/restraints/parameters 2754/37/550 2754/439/441 
Goodness-of-fit on F
2
 1.083 1.085 
Final R indices [I>2σ(I)]a,b 
R1 = 0.0802 R1 = 0.0624 
wR2 = 0.2164 wR2 = 0.1558 
R indices (all data) 
R1 = 0.1074 R1 = 0.0813 
wR2 = 0.2401 wR2 = 0.1634 
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Figure 1-3. Space-filling model of 1 as viewed along the b axis.  The solvent molecules were 
removed for clarity. 
 
Figure 1-4. Space-filling model of 1 as viewed perpendicular to the (1 -1 0) plane.  The 
solvent molecules were removed for clarity. 
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Figure 1-5.  PXRD patterns of 1. From bottom to top: simulated PXRD pattern from single 
crystal structure, experimental PXRD from fresh crystal, from evacuated sample, and from 
the evacuated sample that was re-soaked in the DMF/H2O mixture. 
 
 The PXRD patterns of 1 show that the removal of solvent leads to a distortion of the 
crystal lattice but upon re-soaking the crystal in solvent the PXRD returns to the original 
state. The emission lifetime is very sensitive to the crystallinity of the particle with the 
lifetime decreasing as defect sites are introduced. Even low concentrations of defects can 
have a large impact because of excited state migration. The average lifetime of 1 was 
determined to be 140 ns when the sample was vacuum evacuated to remove all oxygen and 
solvent. The average lifetime increased to 610 ns when microcrystals of 1 were measured as 
a suspension in degassed MeCN. This suggests that the solvent in the pores is necessary to 
retain crystallinity and a long emission lifetime. 
 11 
 
 
Figure 1-6.  PXRD patterns showing the isostructural nature of 1, Os-doped 1, and 1-Os 
MOFs. The crystal structure of 1 is unchanged with different Os doping levels. 
 
Table 1-4. Determination of Os-doping levels in Os-doped 1 by ICP-OES.  
[L1Os-H4](PF6)2 (µg) 
added to 1 mg of [L1Ru-H4](PF6)2 
Calcd. 
mol% Os 
Os Conc (ppb) Ru Conc (ppb) 
Observ. 
mol% Os 
2 0.2 18.63 589.83 (diluted 5x) 0.3 
5 0.5 25.86 476.64 (diluted 5x) 0.6 
10 0.9 12.01 444.7 1.4 
20 1.8 22.94 459.14 2.6 
  
 Variable amounts of [L1Os-H4](PF6)2 were added to 1 mg of [L1Ru-H4](PF6)2 to make 
solutions in DMF and water, which were used to grow bulk crystals of Os-doped 1. The Ru 
to Os ratios were determined using ICP-OES. The samples with 2 and 5 µg of added [L1Os-
H4](PF6)2 were measured for Os and then diluted 5 times to ensure that Ru concentration was 
within the range of the standard. The Ru and Os concentrations for the samples with 10 and 
20 µg [L1Os-H4](PF6)2 could be determined from the same solution. 
 It is desirable to control the MOF particle size for applications in light harvesting and 
a synthesis was developed to make microscale crystals of 1. The role of crystal size will be 
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examined in chapter 3. Microcrystals of 1 were prepared via microwave synthesis at 70
 o
C in 
a CEM MARS 5 microwave by the addition of L1Ru-H4 and Zn(NO3)2 in a solvent mixture 
of DMF and H2O at a 60% yield. Os-doped 1 and 1-Os microcrystals were prepared in the 
same manner as described above with a variable amount of added L1Os-H4 in similar yields. 
The particle morphology was retained as the Os content was altered as shown below by 
SEM. The TGA of 1-Os showed increased weight loss as a result of the formation of volatile 
OsO4. 
Table 1-5. Os content in doped 1 microcrystals. 
Sample L1Ru-H4 L1Os-H4 Expected mol% Os Experimental mol% Os 
1 3.0 mg 0 0 % 0% 
2 3.0 mg 0.003 mg 0.1 % 0.11 % 
3 3.0 mg 0.006 mg 0.2 % 0.17 % 
4 3.0 mg 0.015 mg 0.5 % 0.32 % 
5 3.0 mg 0.03 mg 0.9 % 0.61 % 
6 3.0 mg 0.06 mg 1.8 % 1.29 % 
7 0 3.0 mg 100 % 100% 
All of the microcrystal preparations contained 8.0 mg of Zn(NO3)2, 8.0 mL of DMF, and 3.0 
mL of H2O. 
 13 
 
 
Figure 1-7. SEM images of 1 microcrystals with various Os doping levels: (a), 0.0 wt% Os; 
(b), 0.11% wt Os; (c), 0.17 wt% Os; (d), 0.32 wt% Os; (e), 0.61 wt% Os; (f), 1.29 wt% Os; 
(g), 100 wt% Os. 
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Figure 1-8. TGA of 1 and 1-Os MOFs (where M = Ru or Os). The theoretical weight loss for 
1 (79.1%) agrees well with the experimentally determined value (77.8%). The weight loss for 
1-Os (86.7%) is much higher than expected because volatile OsO4 was produced during the 
TGA experiment. 
 
The solution phase absorption and emission spectra of the monomer compounds are 
shown in Figures 1-9 and 1-10.  The spectra for the Ru(II) and Os(II) monomers both show 
the singlet metal-to-ligand (MLCT) absorption bands between 400-500 nm, whereas the 
Os(II) complex shows the broad absorption between 600-750 nm that corresponds to direct 
excitation to the triplet state.  The emission from the Os(II) monomer peaks at 800 nm and is 
significantly less intense than the Ru(II) emission.  Lifetime measurements are consistent 
with measurements performed on similar Ru(II) and Os(II) polypyridyl systems. 
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Figure 1-9. Solution absorptance of [L1Ru-H4](PF6)2, and [L1Os-H4](PF6)2 in methanol. 
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Figure 1-10. Solution steady-state emission of [Ru(bpy)3](PF6)2, ([L1Ru-H4](PF6)2), and 
([L1Os-H4](PF6)2) in methanol.   
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Figure 1-11. Solid State absorptance of 1 and 1-Os MOFs.  A 
1
MLCT absorption band is 
observed between 400-600 nm for 1. 1-Os also has a 
1
MLCT absorption from 400-600 and a 
broad
 3
MLCT absorption out to 800 nm because of strong spin-orbit coupling. 
 
  1.3.2.2 Synthesis and Characterization of MOF-2 
 2 was prepared by the addition of L2Ru-H4 and Zn(NO3)2 in a solvent mixture of DEF 
and H2O. Large, bright orange crystals of 2 were obtained after heating the mixture at 75°C 
for three days with a 70% yield.  Microcrystals of 2 were obtained in a similar yield after 
heating the mixture at 85°C for one day. Os doped 2 and 2-Os samples were prepared in the 
same manner as described above with a variable amount of added L2Os-H4 in similar yields. 
 [(L2Ru-H2)Zn]•3H2O, 2, crystallizes in the orthorhombic space group Pbcn, with one 
L2Ru-H2 ligand and one zinc atom in the asymmetric unit. With a tetrahedral geometry, the 
Zn center is coordinated by two oxygen atoms from the deprotonated carboxylate groups of 
the L2Ru-H2 ligand and two nitrogens from the bridging cyano groups forming a 2D bilayer 
structure. Packed along b axis, the 2D layers have a closest distance of 6.6 Å between bpy 
planes of adjacent layers. The shortest distance between two Ru centers within bilayers is 6.8 
Å and 11.9 Å for Ru centers between bilayers. 
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Figure 1-12. Crystal structure of 2. (a) Wireframe model showing the connectivity of L2Ru 
and Zn centers. (b) A side view of a 2D bilayer along the a axis. (c) A top view of the 2D 
bilayer structure along the b axis. (d) A spacefilling model of 2D bilayers along the c axis. 
 
Table 1-6. Os content in doped 2 microcrystals. 
Sample L2Ru-H4 L2Os-H4 Expected mol% Os Experimental mol% Os 
1 5.0 mg 0 0 % 0% 
2 5.0 mg 0.005 mg 0.1 % 0.12% 
3 5.0 mg 0.01 mg 0.2 % 0.23% 
4 5.0 mg 0.025 mg 0.4 % 0.50% 
5 5.0 mg 0.05 mg 0.9 % 1.04% 
6 5.0 mg 0.1 mg 1.7 % 1.98% 
7 0 5.0 mg 100 % 100 % 
All Os doped 2 microcrystal preparations contained 5.0 mg of Zn(NO3)2, 1.25 mL of DEF, 
0.5 mL of H2O, and 65 µL of 3M HCl.  
(c) 
(a) 
(d) 
(b) 
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Figure 1-13. SEM images of 2 microcrystals with various Os doping levels: (a), 0.0 wt% Os; 
(b), 0.12 wt% Os; (c), 0.23 wt% Os; (d), 0.50 wt% Os; (e), 1.04 wt% Os; (f), 1.98 wt%Os; 
(g), 100 wt% Os. 
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Table 1-7. Crystallographic data of 2. 
Compound 2 
Empirical formula C26 H12 N6 O8Ru Zn 
Formula weight 702.86 
Temperature (K) 200 
Wavelength (Å) 1.54178 
Crystal system Orthorhombic 
Space group Pbcn 
Unit cell 
dimensions 
a = 17.0829(4) 
b = 40.0431(7) 
c = 13.3183(3) 
α = 90 
 = 90 
 = 90 
Volume (Å
3
) 9110.4(3) 
Z 8 
Density (calc. g/cm
3
) 1.025 
Absorption coeff.(mm
-
)
1
) 3.653 
F(000) 2784 
Crystal size (mm) 0.30 x 0.03 x 0.03 
Crystal color & shape red block 
 range data collection 2.21 to 54.99 
Limiting indices 
-11< h <18 
-42< k <42 
-14< l <13 
Reflections collected 20186 
Independent reflections 5681 [R(int) = 0.0964] 
Refinement method Full-matrix least-square on F
2
 
Data/restraints/parameters 5681 / 0 / 379 
Goodness-of-fit on F
2
 0.739 
Final R indices [I>2σ(I)]a,b 
R1 = 0.0509 
wR2 = 0.1239 
R indices (all data) 
R1 = 0.0840 
wR2 = 0.1400 
a 
R(F) =Σ||Fo| - |Fc||/Σ|Fo|.  
b
 RW(F
2) = [Σ{w(Fo
2
 - Fc
2
)
2}/Σ{w(Fo
2
)
2
}]
0.5
; w
-1
 = σ2(Fo
2
) + (aP)
2
 
+ bP, where P= [Fo
2
 + 2Fc
2
]/3 and a and b are constants adjusted by the program.  
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Figure 1-14. Thermogravimetric analysis of 2. 
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Figure 1-15. Solid state absorptance of L2Ru-H4 and L2Os-H4.   
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Figure 1-16. Solid State absorptance of 2 and 2-Os MOFs.  A 
1
MLCT absorption band is 
observed between 375-600 nm for 2. 2-Os also has a 
1
MLCT absorption from 375-600 nm 
and a broad
 3
MLCT absorption out to 750 nm because of strong spin-orbit coupling. 
 
  1.3.2.3 Synthesis and Characterization of MOF-3 
  [Zn5(L3Ru)2•(µ-OH)•(HCO2)•DMF•2H2O]•6H2O, 3, was prepared by the addition of 
L3Ru-H4, Zn(NO3)2, and formic acid in a solvent mixture of DMF and H2O. Red microscale 
crystals were obtained after heating the mixture at 80°C for 5 days with a 20% yield. 3-Os 
and Os doped 3 were prepared in the same manner as described above with a variable amount 
of added L3Os-H4 in similar yields. 
 Single-crystal X-ray structure determination of 3 revealed a three-dimensional (3D) 
framework that crystallizes in the monoclinic space group P2/n. In each asymmetric unit, 
there are two L3 ligands, five zinc atoms, four bridging cyano groups with the carbon atom 
coordinating to Ru and the nitrogen atom coordinating to Zn, two H2O and one DMF 
molecules coordinating to Zn centers, one bridging hydroxide group and one formate group 
to give the formula of [Zn5(L3)2•(µ-OH)•(HCO2)•DMF•2H2O]•6H2O. There are two 
crystallographically distinct four-metal centered cores in which Ru and Zn are bridged by 
cyano groups. They have a dihedral angle of 9.3
o 
between the two planes formed by the two 
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crystallographically different cores and a dihedral angle of 35.4
o
 between the two 
crystallographically identical cores. 3 has the open channels of 4.4×3.5 Å running along the c 
axis. PLATON
34
 calculations indicated a void volume of 3376.2 Å
3
 (38.8 % of the unit cell 
volume of 8768.4 Å
3
), which is consistent with the thermogravimetric analysis result. 
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Figure 1-17. Absorptance and emission of 3. 
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Figure 1-18. Thermogravimetric analysis of MOF-3. 
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Figure 1-19. Scanning Electron Micrographs of a-c) 3 and d) 2. 
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Figure 1-20. Structure of 3. a) Connectivity patterns around the two crystallographically 
distinct 4-metal centered cores. The four coordinated zinc center was simplified as 
tetrahedral. Oxygen: red; Carbon: gray; Nitrogen: blue; Zinc: cyan; Ruthenium: orange and 
green. b) 3D view of 3 as viewed down the b axis (the 4-metal centered core was simplified 
as rectangle with different colors, and the ZnO4 was simplified as terahedra). c) Space filling 
models of 3 as viewed down the c and b axis, showing the largest open channel in 3 with a 
dimension of 4.4×3.5 Å. Diheral angles between the two crystallographically identical (d) 
and distinct (e) 4-metal centered cores. 
a)
b) c)
d)
f)
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Table 1-8. Crystallographic data of 3. 
Compound 3 
Empirical formula C56H24N13O22.50Ru2Zn5 
Formula weight 1767.87 
Temperature (K) 223 
Wavelength (Å) 1.54178 
Crystal system Monoclinic 
Space group P2/n 
Unit cell dimensions 
a = 21.1293(11) 
b = 16.4835(10) 
c = 24.9690(15) 
α = 90 
 = 92.760(3) 
 = 90 
Volume (Å
3
) 8686.2(9) 
Z 4 
Density (calcd. g/cm
3
) 1.352 
Absorption coeff. (mm
-1
) 4.816 
F(000) 3476 
Crystal size (mm) 0.10 x 0.05 x 0.02 
Crystal color & shape red block 
 range data collection 2.68 to 66.54 
Limiting indices 
-24< h <24 
0< k <18 
0< l <29 
Reflections collected 14711 
Independent reflections 
Refinement method 
14711 [R(int) = 0.0000] 
Full-matrix least-square on F
2
 
Data/restraints/parameters 14711/380/787 
Goodness-of-fit on F
2
 0.896 
Final R indices [I>2σ(I)]a,b 
R1 = 0.0856 
wR2 = 0.1957 
R indices (all data) 
R1 = 0.1486 
wR2 = 0.2145 
a 
R(F) =Σ||Fo| - |Fc||/Σ|Fo|.  
b
 RW(F
2) = [Σ{w(Fo
2
 - Fc
2
)
2}/Σ{w(Fo
2
)
2
}]
0.5
; w
-1
 = σ2(Fo
2
) + (aP)
2
 
+ bP, where P= [Fo
2
 + 2Fc
2
]/3 and a and b are constants adjusted by the program. 
 
  1.3.2.4 Synthesis and Characterization of MOF-4a and MOF-4b.  
 Microcrystals of 4a were prepared via microwave synthesis by the addition of 
[Ru(bpy)3](PF6)2, NaNO3, Al2(SO4)3, and oxalic acid in DMF and water with added HCl. The 
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solution was degassed and heated to 120
 o
C for 5 minutes to give a 70% yield. Os-doped 4a 
and 4a-Os microcrystals were prepared in the same manner as described above with a 
variable amount of added [Os(bpy)3](PF6)2 in similar yields. Microcrystals of 4b were 
prepared in a similar manner by the addition of [Ru(bpy)3](PF6)2, Zn(NO3)2, and oxalic acid. 
Os-doped 4b and 4b-Os microcrystals were prepared in the same manner as described above 
with a variable amount of added [Os(bpy)3](PF6)2 in similar yields.  
 [Zn2(L4Ru)2(oxalate)3] (4b) crystallizes in the cubic space group P4332, with one L4 
ligand, two Zn atom, and three oxalate molecules in the asymmetric unit. No significant 
amount of solvent was detected by TGA. The Zn center adopts an octahedral geometry by 
coordinating side-on to three oxalate molecules, forming a 3D structure. Each L4 ligand has 
6 nearest neighbors at a distance of 9.4 Å between Ru centers. The structure of 4a has been 
reported previously and has the same connectivity as 4b however the two Zn
2+
 atoms are 
replaced by a Na
+
 and Al
3+
.
64 
 
Figure 1-21. Representative SEM images of 4a. 
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Figure 1-22. Representative SEM images of 4b. 
 
Table 1-9. Crystallographic data for 4b. 
Compound 4b 
Empirical formula C36 H24 N6 O12 Ru Zn2 
Formula weight 964.42 
Temperature (K) 296(2) K 
Wavelength (Å) 1.54178 
Crystal system Cubic 
Space group P4332 
Unit cell dimensions a = 15.398(4) Å 
b = 15.398(4) Å 
c = 15.398(4) Å 
α = 90° 
 = 90° 
 = 90° 
Volume (Å
3
) 3650.6(16) 
Z 4 
Density (calcd. g/cm
3
) 1.755 
Absorption coeff. (mm
-1
) 5.480 
F(000) 1928 
Crystal size (mm) 0.030×0.030 ×0.030 
Crystal color & shape red 
 range data collection 4.06 to 33.42° 
Limiting indices -3≤h ≤10 
-6≤k ≤10 
-8≤l ≤10 
Reflections collected 1040 
Independent reflections 224 [R(int) = 0.0698] 
Refinement method Full-matrix least-square on F
2 
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Data/restraints/parameters 224 / 23 / 45 
Goodness-of-fit on F
2
 1.582 
Final R indices [I>2σ(I)]a,b R1 = 0.1291 
wR2 = 0.3418 
R indices (all data) R1 = 0.1543 
wR2 = 0.3687 
a 
R(F) =Σ||Fo| - |Fc||/Σ|Fo|.  
b
 RW(F
2) = [Σ{w(Fo
2
 - Fc
2
)
2}/Σ{w(Fo
2
)
2
}]
0.5
; w
-1
 = σ2(Fo
2
) + (aP)
2
 
+ bP, where P= [Fo
2
 + 2Fc
2
]/3 and a and b are constants adjusted by the program. 
 
 
Figure 1-23. a) Schematic representation of octahedral building unit. b) Schematic 
representation of Ru(bpy)3
2+
 enclosed in the Zn oxalate cage. c) Packing diagram of 4b as 
viewed down the b axis. d) Simplified connectivity of 4b as viewed down the b axis. 
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Figure 1-24. TGA of 4b. 
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 Thermogravimetric analysis of 4b show little to no weight loss from solvent. The 
tight packing of the chromophores within the oxalate pores prevents solvent from entering 
the structure. The rigid environment of the oxalate framework leads to a high energy Ru 
emission with strong vibronic structure. The chromophores are insulated from solvent and 
therefore the emission is not broadened as in room temperature solution experiments. In fact, 
the emission spectral fitting shows similarity to what is observed for Ru(bpy) 3
2+
 in a frozen 
solution at 77K. The emission of 4a and 4b are similar with 4a having slightly higher 
emission energy and longer lifetime. These differences are likely a result of the degree of 
crystallinity in the sample because a small concentration of a trap site has been shown to 
dramatically quench the excited state. The effects of quenchers within the MOF structure will 
be examined in more detail in Chapter 2. 
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 Figure 1-25. Steady-state emission spectra of 4a, 4b, 4a-Os, and 4b-Os. 
 
1.4 Concluding Remarks 
 A series of crystalline metal-organic frameworks with photo-active and redox-active 
components have been synthesized and characterized by x-ray diffraction along with other 
techniques. These materials show promise for many applications in solar energy research by 
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the self-assembly of metal complex building blocks with high energy, long-lived excited 
states into crystalline particles with dimensions that facilitate an antenna effect. The next 
chapters will examine their photophysical properties in more detail to elucidate energy 
transfer, interfacial electron transfer, and their use in sensing applications. 
1.5 Experimental Section 
 Thermogravimetric analysis (TGA) was performed using a Shimadzu TGA-50 
equipped with a platinum pan, and all samples were air-dried and heated at a rate of 3°C per 
minute in air. Scanning electron microscopy (SEM) images were collected with a Hitachi 
4700 FESEM.  Powder X-ray diffraction (PXRD) analyses were carried out using a Bruker 
SMART APEX II diffractometer using Cu radiation. The PXRD patterns were processed 
with the APEX II package using the phase ID plugin. A Varian 820-MS Inductively Coupled 
Plasma-Mass Spectrometer was used to determine the mol fraction of Os in the doped MOFs. 
Samples were introduced via a concentric glass nebulizer with a free aspiration rate of 0.4 
mL/min, a Peltier-cooled double-pass glass spray chamber, and a quartz torch. A peristaltic 
pump carried samples from a SPS3 autosampler (Varian) to the nebulizer. All standards and 
samples were in 2% HNO3, prepared with milliQ water.  
 All crystallographic measurements were made on a Bruker SMART Apex II CCD-
based X-ray diffractometer system equipped with Cu–target X-ray tube and operated at 1600 
watts. The frames were integrated with the Bruker SAINT
© 
build in APEX II software 
package using a narrow-frame integration algorithm, which also corrects for the Lorentz and 
polarization effects.  Absorption corrections were applied using SADABS. All of the 
structures were solved by direct methods and refined to convergence by least squares method 
on F
2
 using the SHELXTL software suit. All non-hydrogen atoms are refined anisotropically. 
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SQUEEZE subroutine of the PLATON software suit was applied to remove the scattering 
from the highly disordered solvent molecules. The resulting new HKL4 files were used to 
further refine the structures.  
 Absorptance measurements of the MOFs were obtained on a Cary 5000 UV-Vis-NIR 
spectrophotometer with the specular reflectance accessory using transmission and reflectance 
measurements. The samples were prepared by dropwise addition of the MOFs onto a glass 
slide and the solvent was allowed to evaporate. Steady-state and time-resolved emission 
experiments were performed on an Edinburgh FLSP920 spectrometer in quartz cuvettes with 
magnetic stirring. The TCSPC measurements were collected using either an EPL-445 or 
EPL-485 laser with sub-100 ps pulse width.  
 1.5.1 Synthesis of Metal Complexes 
 Ru(4,4’-CO2Et-bpy)2Cl2. Ru(4,4’-CO2Et-bpy)2Cl2 was prepared by reacting two 
equivalents of 4,4’-CO2Et-bpy, which was prepared by literature procedure,
61
 (465mg, 
1.55mmol) with Ru(cyclo-octadiene)Cl2 polymer (217mg, 0.774 mmol of monomer) in 20 
mL of argon degassed o-dichlorobenzene for two hours at 160 ˚C. After cooling to room 
temperature, the solution was precipitated by the addition of ether; the solid was filtered and 
washed with ether. Yield: 530 mg (89%).  
 [Ru(4,4’-CO2H-bpy)2bpy](PF6)2 ([L1Ru-H4](PF6)2).  Ru(4,4’-CO2Et-bpy)2Cl2 (490 
mg, 0.634 mmol) and 1.2 equivalents of bpy (119 mg, 0.762 mmol) were refluxed under 
argon in 40 mL of H2O:EtOH (1:1 v/v) for 8 hours. The complex was precipitated by the 
addition of 10 mL of saturated aqueous ammonium hexafluorophosphate and then majority 
of the ethanol was removed by rotovap. This product was filtered and washed with ether to 
remove excess bpy, then hydrolyzed by reflux under argon in 4M HCl for 12 hours. 
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Precipitation was achieved by the addition of 10 mL of saturated aqueous ammonium 
hexafluorophosphate. The product [Ru(4,4’-CO2H-bpy)2bpy](PF6)2 was filtered and washed 
with water to removed excess HCl. Yield: 476 mg (66%). 
1
H NMR (D2O with NaOD): 8.82 
(s, 4H), 8.49 (d, 2H), 8.01 (t, 2H), 7.85 (t, 4H), 7.72 (d, 2H), 7.62 (m, 4H), 7.32 (t, 2H).
62, 63
 
 Os(4,4’-CO2Et-bpy)2Cl2. [OsCl6](NH4)2 (300 mg, 0.683 mmol) and two equivalents 
of 4,4’-CO2Et-bpy (410 mg, 1.37 mmol)  were refluxed in 25 mL of argon degassed ethylene 
glycol for one hour at 200 ˚C. After cooling, 25 mL of saturated aqueous Na dithionite was 
added to reduce any remaining Os(III) species. The product was filtered and washed with 
water and then ether. Yield: 446 mg (76%).
2
 
 [Os(4,4’-CO2H-bpy)2bpy](PF6)2 ([L1Os-H4](PF6)2). Os(4,4’-CO2Et-bpy)2Cl2 (400 
mg, 0.464 mmol) and 1.2 equivalents of bpy (87 mg, 0.56 mmol) were refluxed in 40 mL 
H2O:EtOH (1:1 v/v) for three days. Isolation of the product was carried out in the same 
manner as described for [Ru(4,4’-CO2H-bpy)2bpy](PF6)2. Yield: 240 mg (45%). 
1
H NMR 
(D2O with NaOD): 8.77 (s, 4H), 8.44 (d, 2H), 7.80 (t, 2H), 7.74 (d, 2H), 7.71 (d, 2H), 7.57 
(d, 2H), 7.48 (m, 4H), 7.21 (t, 2H). MS (ESI): 418.06 m/Z, expected 418.07 m/Z for LRu-H4.  
 Ru(4,4’-CO2H-bpy)2CN2 (L2Ru-H4). Ru(4,4’-CO2Et-bpy)2Cl2 (200 mg, 0.259 mmol) 
was refluxed with KCN (840 mg, 12.9 mmol) in 25 mL of H2O for 12 hours. The solution 
was concentrated and purified on a Sephadex column in order to remove excess KCN. Like 
fractions were combined and acidified with 1M HCl to precipitate L2Ru-H4. Yield: 120 mg 
(72%). 
1
H NMR (CD3CN): 9.45 (d, 2H), 8.70 (s, 2H), 8.62 (s, 2H), 7.91 (d, 2H), 7.58 (d, 
2H), 7.47 (d, 2H). 
 Os(4,4’-CO2H-bpy)2CN2 (L2Os-H4). Os(4,4’-CO2Et-bpy)2Cl2 (190 mg, 0.220 mmol) 
was refluxed with KCN (750 mg, 11.5 mmol) in 25 mL of H2O for 12 hours. The solution 
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was concentrated and purified on a Sephadex column in order to remove excess KCN. Like 
fractions were combined and acidified with 1M HCl to precipitate L2Os-H4. Yield: 110 mg 
(68%). 
1
H NMR (DMSO-d6): 9.81 (d, 2H), 8.92 (s, 2H), 8.84 (s, 2H), 7.97 (d, 2H), 7.62 (d, 
2H), 7.55 (d, 2H). 
 Ru(5,5’-CO2Et-bpy)2Cl2. Ru(5,5’-CO2Et-bpy)2Cl2 was prepared by reacting two 
equivalents of 5,5’-CO2Et-bpy, which was prepared in the same manner as 4,4’-CO2Et-bpy,
61
 
(500 mg, 1.66 mmol) with the Ru(cyclo-octadiene)Cl2 polymer (233 mg, 0.831 mmol of 
monomer) in 20 mL of argon degassed o-dichlorobenzene for one hour at 160 °C. After 
cooling to room temperature, the solution was precipitated by the addition of ether; the solid 
was filtered and stirred in H2O for 4 hours to remove any charged impurities. The solid was 
filtered and dried with ether. Yield: 372 mg (58%).  
 Ru(5,5’-CO2H-bpy)2CN2 (L3Ru-H4). Ru(5,5’-CO2Et-bpy)2Cl2 (350 mg, 0.453 mmol) 
was refluxed with KCN (1.47 g, 22.6 mmol) in degassed H2O for 12 hours. During the 
reaction the ester groups were hydrolyzed. The solution was concentrated and purified on a 
Sephadex column in order to remove excess KCN. The like fractions were combined and 
acidified to precipitate L3Ru-H4.Yield: 198 mg (68%). 
1
H NMR (DMSO-d6): 10.17 (s, 2H), 
8.89 (d, 2H), 8.82 (d, 2H), 8.56 (d, 2H), 8.36 (d, 2H), 7.94 (s, 2H). 
 Os(5,5’-CO2Et-bpy)2Cl2. (NH4)2[OsCl6] (300 mg, 0.683 mmol) and two equivalents 
of 5,5’-CO2Et-bpy (410 mg, 1.37 mmol) were refluxed in 25 mL of argon-degassed ethylene 
glycol for one hour at 200 °C. After cooling, 25 mL of saturated aqueous sodium dithionite 
was added to reduce any remaining Os(III) species. The product was filtered and washed 
with water and then ether.  Yield: 453 mg (77%). 
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 Os(5,5’-CO2H-bpy)2CN2 (L3Os-H4). Os(5,5’-CO2Et-bpy)2Cl2 (200 mg, 0.232 mmol) 
was refluxed with KCN (830 mg, 12.7 mmol) in 25 mL of H2O for 12 hours. During the 
reaction the ester groups were hydrolyzed. The solution was concentrated and purified on a 
Sephadex column in order to remove excess KCN. The like fractions were combined and 
acidified with 1M HCl to precipitate L3Os-H4.Yield: 133 mg (78%). 
1
H NMR (DMSO-d6): 
10.26 (s, 2H), 8.86 (d, 2H), 8.77 (d, 2H), 8.28 (d, 2H), 8.18 (d, 2H), 7.91 (s, 2H). 
 [Ru(bpy)3](PF6)2 (L4Ru). [Ru(bpy)3](PF6)2 was made according to literature 
procedure.
58
 
 [Os(bpy)3](PF6)2 (L4Os). [Os(bpy)3](PF6)2 was made according to literature 
procedure.
60
 
 1.5.2 Synthesis of MOFs 
  [L1RuZn]•2DMF•4H2O, 1, was prepared by the addition 1.0 mg (0.97 µmol) of 
[Ru(4,4’-CO2H-bpy)2bpy](PF6)2 (L1Ru-H4) and 1.0 mg (3.4 µmol) of Zn(NO3)2 in a solvent 
mixture of 0.3 mL DMF and 0.1 mL H2O. Bright red crystals were obtained after heating the 
mixture at 90˚C for three days. Yield: 0.2 mg (30%). Os-doped 1 was prepared in the same 
manner as described above with a variable amount of added [Os(4,4’-CO2H-bpy)2bpy](PF6)2 
(L1Os-H4), from 0.002 to 0.020 mg, in similar yields. 
 1-Os was prepared by the addition 1.0 mg (0.89 µmol) of [Os(4,4’-CO2H-
bpy)2bpy](PF6)2 (L1Os-H4)and 1.0 mg (3.4 µmol) of Zn(NO3)2 in a solvent mixture of 0.3 mL 
DMF and 0.1 mL H2O. Dark black crystals were obtained after heating the mixture 90˚C 
overnight.  Yield: 0.4 mg (40%) 
 Microcrystals of 1 were prepared via microwave synthesis in a CEM MARS 5 by the 
addition of 3.0 mg (2.9 μmol) of L1Ru-H4 and 8.0 mg (27.2 μmol) of Zn(NO3)2 in a solvent 
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mixture of 8.0 mL DMF and 3.0 mL H2O. The microcrystal growth was done at 70
 o
C with 
four vessels under rapid stirring and 180 W max power. The temperature was gradually 
ramped over a period of 10 minutes and then held for 50 minutes to give red-orange 
microcrystals of 1. Yield: 1.6 mg (60%).  
 The Os-doped 1 microcrystals were prepared in the same manner as described above 
with a variable amount of added L1Os-H4 (from 0.003 to 0.06 mg) in similar yields.  The 1-
Os sample was prepared in the same manner with 3.0 mg (2.7 μmol) of L1Os-H4 and 8.0 mg 
(27.2 μmol) of Zn(NO3)2 in a solvent mixture of 8.0 mL DMF and 3.0 mL H2O to give black 
crystals. Yield: 1.8 mg (70%).  
 2 was prepared by the addition of 5.0 mg (7.8 μmol) of L2Ru-H4 and 5.0 mg (17 
μmol) of Zn(NO3)2 in a solvent mixture of 1.25 mL DEF and 0.5 mL H2O with 65 µL of 3M 
HCl. Large, bright orange crystals of 2 were obtained after heating the mixture at 75°C for 
three days.  Yield: 4.3 mg (70%).  Microcrystals of 2 were obtained in a similar yield after 
heating the mixture at 85°C for one day.  
 Os doped 2 microcrystals: The Os-doped samples were prepared in the same manner 
as described above with a variable amount of added L2Os-H4 (from 0.005 to 0.1 mg) in 
similar yields. The 2-Os sample was prepared by the addition of 5.0 mg (6.8 μmol) of L2Os-
H4 and 5.0 mg (17 μmol) of Zn(NO3)2 in a solvent mixture of 1.25 mL DEF and 0.5 mL H2O 
with 65 µL of 3M HCl. Black microcrystals were obtained after heating the mixture at 85°C 
for one day. Yield: 4.7 mg (80%). 
 [Zn5(L3Ru)2•(µ-OH)•(HCO2)•DMF•2H2O]•6H2O, 3,  was prepared in triplicate by the 
addition of 1.0 mg (1.6 μmol) of L3Ru-H4 and 1.0 mg (3.4 μmol) of Zn(NO3)2 in a solvent 
mixture of 0.3 mL DMF, 0.1 mL H2O and 3µL of formic acid. Red microscale crystals were 
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obtained after heating the mixture at 80°C for 5 days. Yield: 0.2 mg (20%) Bulk crystals 
were obtained under the same conditions without the addition of formic acid and required 
two weeks for growth.  
 The Os analog of 3, 3-Os, was prepared in triplicate by the addition of 1.0 mg (1.4 
μmol) of L3Ru-H4 and 1.0 mg (3.4 μmol) of Zn(NO3)2 in a solvent mixture of 0.3 mL DMF, 
0.1 mL H2O, and 3µL of formic acid. Black crystals were obtained after heating the mixture 
at 80°C for 5 days. Yield: 0.5 mg (40%). 
 Microcrystals of 4a were prepared via microwave synthesis in a CEM DISCOVER by 
the addition of 0.5 mL each of 0.01M [Ru(bpy)3](PF6)2 (5 μmol Ru), 0.01 M NaNO3 (5 μmol 
Na), 0.005 M Al2(SO4)3 (5 μmol Al), 0.03 M oxalic acid (15 μmol). The solutions were made 
in DMF except with Al2(SO4)3 which was 1:1 water:DMF. An additional 1.5 mL of water 
and 1.5 mL of DMF were added along with 15 µL of 3M HCl. The microwave tube was 
sealed and if denoted as synthesized under air no further treatment was conducted before 
microwave heating. The samples prepared oxygen free were nitrogen bubble degassed for 30 
min and sealed with parafilm before heating. The microcrystal growth was done at 120
 o
C 
with stirring for 5 minutes and 300 W max power to give orange microcrystals of 4a. The 
oxygen free particles were isolated by centrifugation in a glove box and washed 3 times with 
ethanol. Yield: 3.0 mg (70%).  
 The Os-doped 4a microcrystals were prepared in the same manner as described above 
with a variable amount of added [Os(bpy)3](PF6)2 (from 10 to 50 nmol) in similar yields. The 
4a-Os sample was prepared in the same manner with [Os(bpy)3](PF6)2 instead of 
[Ru(bpy)3](PF6)2. Yield: 3.2 mg (70%). 
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 Microcrystals of 4b were prepared in a similar manner by the addition of 0.25 mL 
each of 0.01M [Ru(bpy)3](PF6)2 (2.5 μmol Ru), 0.02 M Zn(NO3)2 (5 μmol Zn), 0.03 M oxalic 
acid (7.5 μmol). The solutions were made in DMF and an additional 1.75 mL of water and 
2.5 mL of DMF were added along with 30 µL of 3M HCl. The microwave tube was sealed 
and if denoted as synthesized under air no further treatment was conducted before microwave 
heating. The samples prepared oxygen free were nitrogen bubble degassed for 30 min and 
sealed with parafilm before heating. The microcrystal growth was done at 120
 o
C with 
stirring for 5 minutes and 300 W max power to give orange microcrystals of 4b. The oxygen 
free particles were isolated by centrifugation in a glove box and washed 3 times with ethanol. 
Yield: 3.7 mg (80%).  
 The Os-doped 4b microcrystals were prepared in the same manner as described above 
with a variable amount of added [Os(bpy)3](PF6)2 (from 5 to 25 nmol) in similar yields. The 
4b-Os sample was prepared in the same manner with [Os(bpy)3](PF6)2 instead of 
[Ru(bpy)3](PF6)2. Yield: 4.1 mg (80%). 
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Chapter 2 
ENERGY TRANSFER DYNAMICS IN METAL-ORGANIC FRAMEWORKS 
2.1 Energy Transfer Dynamics in MOF-1 
The photophysical properties of crystalline Ru(bpy)3
2+
 has been previously studied to 
elucidate its electronic structure and emission mechansism.
1-4
 Ru to Os energy transfer has 
been studied in simple molecular crystals with a variety of counter ions and different 
structures and has demonstrated Ru to Ru hopping rates as fast as 125 ps.
5-8
 MOFs provide a 
unique scaffold to self assemble chromophores in close proximity, near the shortest distance 
allowed by Van der Waals forces, and also provide increased stability which enables multiple 
applications that are not feasible with molecular crystals.  
Os-doped 1 was the first MOF to demonstrate Ru to Os energy transfer characteristics 
and will be examined in detail in this chapter. Additional MOF structures have been made 
with varying degrees of energy transfer quenching efficiencies with the largest being the 
oxalate systems with Ru(bpy)3
2+
 trapped inside the anionic framework. A brief description of 
the theoretical work will also be included that examines the role of dimensionality in energy 
transfer. 
 Diffuse reflectance UV-Vis measurements showed a broad MLCT absorption band 
between 400-600 nm for 1 consistent with λmax = 473 nm for [L1Ru-H4](PF6)2in MeOH. 1-Os 
exhibits a broad 
1
MLCT absorption band between 400-650 nm and an absorption band at 710 
nm of ~1/3 the absorptivity arising from the partly spin-allowed “S→T” absorption to 
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3
MLCT with enhanced intensity due to spin-orbit coupling at Os(III) (ξ(OsIII) ~ 3000 cm-1). 
The normalized, uncorrected steady state emission spectra for both 1 and 1-Os are shown in 
Figure 2-1b. As expected, the 1-Os is significantly less emissive due to enhanced 
nonradiative decay resulting from the decreased energy gap and higher spin-orbit coupling.
9
 
All MOF samples were washed with ethanol, vacuum degassed, and flame-sealed into 
capillary tubes under nitrogen. It was determined that the removal of solvent had a large 
negative influence of the photophysical properties of the material as a result of crystal 
deformation. Later experiments were performed on suspensions of crystals in either 
acetonitrile or ethanol. Lifetimes are reported as averages of values collected at a series of 
locations in multiple crystals. Variations in lifetimes of ~ 20% were observed between 
different locations and different crystals.  
 
Figure 2-1. a) PXRD patterns showing the isostructural nature of 1, Os-doped 1, and 1-Os 
MOFs. b) Uncorrected normalized steady-state emission spectra of the 1 and 1-Os.  
 
 In Figure 2-2a are shown emission transients for 1 (620 nm) and 1-Os (710 nm) 
MOFs. The decay profiles for the Ru and Os MOFs as well as for the mixed Ru/Os MOFs at 
varying Os-doping levels were non-exponential and could be satisfactorily fit to 
biexponential kinetics.  The components of the fit are shown in section 2.5.    
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Figure 2-2. a) Transient emission decay profiles for 1 and 1-Os monitored at 620 nm and 
710 nm respectively following two-photon excitation at 850 nm. b) Transients for 1.4 and 2.6 
mol% Os-doped 1 MOFs at 620 nm and 710 nm with emission at 620 nm dominated by Ru
II
* 
and at 710 nm by Os
II
*.  
 
 Displayed in Figure 2-3 are the averaged transients for a series of Os doped LRuZn 
MOFs collected at 620 nm. Each transient represents an average over multiple sites in 
multiple crystals. The decays show a qualitative shortening of the liftetime with increasing 
Os loading, consistent with energy transport to the Os traps.  Analysis of the transients shows 
that they can be reasonably described by a biexponential equation. The results of the fitting 
are displayed as the black lines in the figure with the components reported in Section 2.5.  
The fits show a decrease in the lifetime of both the fast and slow time components with 
increased Os. 
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Figure 2-3.  Decay of the Ru* emission from Os doped 1 detected at 620 nm.  Black lines 
indicate biexponential fits. 
 
 The observation of multiple decay components in the photoluminescence from pure 
Ru MOFs is contrast to observations in fluid solution, where the luminescence decay is 
typically single-exponential. Triplet-triplet annihilation could account for the biexponential 
behavior; however, experiments performed at a series of excitation intensities show no 
evidence for intensity-dependent effects. The decay kinetics of the Ru
II
* emission exhibit a 
clear detection wavelength dependence, with longer wavelengths showing slower decay 
rates. Time-dependent emission spectra reconstructed from a series of transients obtained at 
different detection wavelengths show that the biexponential kinetics arise (at least in part) 
from a time-dependent shift of the emission band.  The Ru emission band, which at the 
earliest observation time has λmax=612 nm, shifts by ≈15-20 nm to the red following 
photoexcitation.  Similar red shifts have been observed, for example, in metal complex 
derivatized polymers,
10
 in electropolymerized thin films,
11
 and on surfaces,
12
 where they 
were attributed to inter-site energy transfer to lower energy trap sites that dominate excited 
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state decay due to their decreased energy gaps. Measurements performed at the red edge of 
the emission band (≈700 nm) yield a RuII* lifetime of ≈375 ns. The trap sites in the MOFs 
may be a result of crystal defects during growth, surface sites, or from lattice distortion upon 
solvent removal. While the data presented represents observations obtained at single site, 
examination of other sites within the same crystal, and measurements performed on other 
crystals produced qualitatively similar results.  
 
Figure 2-4.  Reconstructed 1 time resolved emission spectra demonstrating a dynamic red-
shift. Solid color lines indicate stretched Gaussian fits of experimental data. The black line 
designates the wavelength maximum for each time slice fit. 
 
The dynamic spectral shift is also depicted in Figure 2-5 as the emission decay transients as a 
function of wavelength. The lower energy emission shows slower decay kinetics as a result 
of energy transfer to shallow trap sites. 
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Figure 2-5.  Ru emission transients from 1 as a function of wavelength.  As the wavelength 
is shifted from the blue edge (585 nm) to the red edge (665 nm) the lifetime increases. 
 
 Direct evidence for site-to-site energy transfer in mixed Ru(II)-Os(II) MOFs had been 
obtained (Figure 2-2b).  First, detection of the Os emission in the mixed Ru(II)-Os(II) 
systems at 710 nm shows a delayed growth in the first 10-40 ns that is attributable to Ru
II
*-
Ru
II
 energy migration followed by energy transfer to a lower energy Os “trap site”.  The 
growth is the fastest for the highest Os-doped sample (2.6 mol%), consistent with a shorter 
migration distance to the Os
II
 trap, implying that within the initial growth period the excited 
state makes multiple Ru to Ru hops.  In addition, the delayed rise in the Os
II
* emission at 710 
nm coincides with the decay of Ru
II
* emission detected at 620 nm, which becomes faster as 
the Os
II
 doping level is increased. Data taken from a series of MOFs with different doping 
levels show a decrease in both of the decay components of the Ru
II
* emission with increased 
doping, consistent with greater quenching of the Ru
II
* at higher Os
II
 concentrations.  
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Figure 2-6.  Growth and decay of Os* emission from Os doped 1 samples detected at 710 
nm.  
 
 Estimate of the Ru*-Ru hopping time and transport distance can be made from the 
dependence of the time-resolved emission data on Os loading, which suggest that transport of 
the Ru excited state to the Os trap involves multiple Ru*-Ru steps. Since there is a finite 
diffusion distance of the Ru* excited state during its life time, each Os complex will have a 
radius (RQ) in which energy transfer quenching of a Ru* can occur before excited state 
deactivation. At sufficiently low Os concentrations the average distance between Os
II
 
complexes will exceed this quenching radius and the Os
II
 emission transient will be 
independent of Os loading.  At higher Os levels there will be sufficient overlap between the 
quenching radii of the Os complexes that a given excited state could be quenched by more 
than one Os trap, resulting in a faster growth and subsequent decay of the Os emission, as 
well as a faster decay of the Ru*
II
 emission.   
 The time-resolved data show a dependence on the Os
II
 concentration, even at lowest 
doping levels studied, suggesting that for doping levels in the range of 0.3 to 0.6 mol% Os 
the quenching radii are starting to overlap. At 0.3 mol% Os there is approximately one Os per 
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every 330 complexes and at 0.6 % there is one Os for every 170 complexes, suggesting that 
there are approximately 200 Ru complexes contained within the quenching radius. The 
number of hops needed to reach the trap will depend upon connectivity and whether energy 
migration is isotropic (3D) or restricted to a bilayer (2D). Analysis of the crystal structure 
indicates that for 3D migration, these 200 complexes surrounding the trap would occupy a 
sphere of radius ≈35 Å. If energy transport is restricted to a bilayer (i.e. 2D) then the 
corresponding quenching radius is ≈70 Å. If we consider the migration process to be a 
random walk, then the number hops needed to traverse this distance is given by: NRu-Ru= 
(RQ/σEnT)
2, where σEnT is the distance traveled per hop. Taking σEnT≈8 Å, the nearest 
neighbor distance, we estimate that on average an excited state will make between 20-75 
hops during its lifetime, with the lower and upper limits corresponding to 3D and 2D 
migration, respectively. The estimates for the number of hops and the excited state lifetime 
(375 ns) further suggest hopping times in the range of 20 ns (for 3D migration) to 5 ns (for 
2D migration).   
2.2 Energy Transfer Dynamics Theory in MOF-1 
 The ability to control excitation energy transport pathway dimensionality is of great 
significance for designing materials for efficient delivery of excitation energy to a target 
(e.g., a reaction center, reactive crystal surface, or a surface catalyst). Because of this interest, 
more advanced theoretical modeling has been pursued in collaboration with Beratan et. al.
13
 
The results provided show the first unified structure-to-function analysis of energy transport 
MOFs, and they point the way to rational design strategies for excitation energy harvesting 
and funneling to centers of chemical reactivity and catalysis.  
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 The energy-transfer modeling was performed by a combination of ab initio electronic 
structure theory with kinetic network modeling. The simulations are in qualitative agreement 
with the experimental data and the results suggest that energy transport occurs via the Dexter 
mechanism. Energy migration can effectively be modeled with one dimensional migration 
pathways because the Dexter coupling between the shortest Ru-Ru distances of ~ 8 Å are 10
-
4 
eV and are several orders of magnitude larger than next largest value. The nearest-neighbor 
hoping rate was treated as a free parameter in fitting the time-dependent luminescent data 
with the Ru and Os decay rates set to experimentally determined values. The Ru to Ru rate 
was found to be faster (5-10 ns) than the Ru to Os rate (20-100 ns) and that the Ru to Os rate 
increases with Os loading.  
 
 
Figure 2-7. Strongest Dexter coupling network (dotted lines denote Dexter couplings) 
between Ru-pyridyl centered  triplet excited states (a, b, and c are crystal axes). For 
simplicity we show only the Ru atoms of the Ru centers in the MOF. The network is quasi-
linear and it involves nearest neighbour Ru centers with Ru-Ru distances of 8 Å, where 
successive centers along the b direction belong to different bilayers.  Each Dexter coupling 
between neighboring centers along the b axis involves through-space interactions and has 
magnitude of approximately 10
-4
 eV.
5
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RuB 
RuA 
 VDexter ~ 10-4 eV 
11 Å 
 53 
 
 The synthetic tunability of MOFs has allowed for the design of other model systems 
for studying energy transfer dynamics in well defined crystalline solids to provide new 
insights into efficient energy migration and transfer pathways in artificial light-harvesting 
systems. 
2.3 Energy Transfer Dynamics in MOF-4 
 The steady-state emission spectra of 4a, 4a-Os, 4b, and 4b-Os are shown below. The 
rigid environment of the oxalate framework leads to a high energy Ru emission with strong 
vibronic structure compared with Ru(bpy)3
2+
 in solution. The chromophores are insulated 
from solvent and therefore the emission is not broadened as in room temperature solution 
experiments. Both the steady-state and time-resolved emission characteristics of 4a and 4b 
are different but it is unclear if this result is inherent to the structure or a result of the 
crystallinity of the sample. The effects of defects in the crystal will be examined in more 
detail later in this section. 
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Figure 2-8. Steady-state emission of 4a, 4b, 4a-Os, and 4b-Os synthesized in an oxygen-free 
environment. 
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  The emission lifetime of the 4a can be satisfactorily fit with a single exponential but 
the lifetime was found to be 1305 ns at 580 nm and 1350 ns at 680 nm which is indicative of 
energy transfer to shallow trap sites. It is expected that the lifetime could approach 2.5 µs as 
reported by Hauser et. al. if the crystal were ideal and did not sample defect or surface sites.
14
 
In those studies the emission decay of isolated chromophores were studied by diluting either 
Ru or Os complexes to a concentration of about 1% with the remaining sites by occupied by 
photochemically inert Zn(bpy)3
2+
. In this way, energy transfer between complexes was 
virtually eliminated and the emission decays represent an isolated site within the oxalate 
framework.  
 If the crystal growth of 4a occurs in the presence of oxygen the emission lifetime 
dramatically decreases from 1305 ns to 144 ns. The lifetime cannot be increased by bubble 
degassing a suspension or heating a solid sample at 80 °C under vacuum. Also, if a sample 
that was prepared in an oxygen free environment is exposed to air, the lifetime will decrease 
as oxygen is irreversibly trapped within the material. The decreased lifetime from oxygen 
quenching was confirmed by measuring singlet oxygen emission from a sample prepared in 
air while the samples synthesized under nitrogen exhibit no emission from singlet oxygen at 
~7850 cm
-1
.  
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Figure 2-9. Singlet oxygen emission measurements of 4a synthesized in air and under 
nitrogen. 
 
 The samples prepared by Hauser et. al. demonstrated short lifetimes at high 
chromophore loadings but as dilutions in Zn(bpy)3
2+
 the lifetimes increased to 2.5 µs for 
Ru(bpy)3
2+
  and 250 ns for Os(bpy)3
2+
  even though oxygen is trapped within the framework. 
These long lived excited-states are possible because energy transfer between chromophores 
is prevented by dilution and therefore quenching by oxygen is minimal. This suggests that 
the MOFs with high Ru or Os loading can be efficiently quenched by a small amount of 
oxygen trapped within the MOF because the excited-state can migrate long distances and 
sample many different environments. The excited-state migration results in an amplified 
quenching effect by any quenchers present and also suggests utility in light harvesting 
applications.  
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Figure 2-10. Time-resolved emission from a) 4a and b) 4a-Os synthesized under nitrogen 
and in air. The sample prepared in air were argon bubble degassed for 30 minutes prior to 
measurements demonstrating oxygen is trapped inside the framework. 
 
 Remarkably efficient energy transfer quenching is observed in samples of Os doped 
4a. Ru to Os energy transfer dynamics were studied in this system with concentrated 
chromophores and suggest a different energy transfer mechanism than previously observed. 
Previous work examined energy transfer from Ru to Os in dilute crystals and as a result of 
the long distances between photo-active components the dominant mechanism was 
determined to be Forster. However, energy transfer in samples with >99% Ru(bpy)3
2+
 are 
likely governed by a Dexter mechanism which would be expected to be dominant at short 
distances from work by Beratan et. al.
13
 
 At low Os doping levels, 1.0% and 0.2%, the extent of Ru emission quenching is 
large by steady-state emission but the value cannot be quantified because of the difference in 
quantum yield between Ru and Os. The extent of quenching can be calculated by integrating 
the emission transients at 580 nm if it is assumed that the Ru to Os energy transfer quenching 
does not occur faster than the resolution of the instrument (about 1 ns). This calculation 
actually is a lower limit because quenching that occurs faster than the instrument response 
will not be observed. The analysis shows that at 0.2% Os loading 78% of the Ru emission is 
 57 
 
quenched. At a 1.0% Os loading the amount of Ru quenching increases to 95%. In 4b the 
quenching is slightly lower at 65% and 90% for the 0.2% and 1.0% Os loading respectively. 
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Figure 2-11. a) Steady-state emission from Os doped 4a and b) time-resolved emission at 
580 nm of Os-doped 4a. 
 
 The emission energy of the pure Os MOF, 4a-Os, shows a significantly lower energy 
emission than what is observed from the Os emission in the doped samples. This difference 
in energy occurs from energy transfer to lower energy defect sites. 4a-Os decays at a faster 
rate (53 ns lifetime) than what is observed for an isolated Os excited-state in 4a 1.0% Os 
(259 ns). 
 A growth in the Os emission transient, collected at 680 nm, is observed and indicates 
Ru to Os energy transfer. At 680 the emission is dominated by Os but there is an overlap 
with the Ru emission tail. The emission at 680 nm at time zero, or right after the laser pulse, 
could be from Ru sites, Os sites that were excited directly, or Os sites that quickly quenched 
a Ru excited-state via energy transfer. The first two types, directly excited Ru or Os sites, 
will decay according to their respective lifetimes and could not lead to a growth in the 
emission. The emission growth at 680 nm represents an increased Os excited-state population 
that occurred from excitation of a Ru site and energy transfer to a lower energy Os site. With 
0.2% Os doping the maximum 680 nm emission is not observed until ~200 ns after the laser 
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pulse. With 1.0% Os doping the maximum emission occurs ~100 ns after the laser pulse. The 
decreased delay time is a result of the shorter average excited-state transport distance to find 
an Os trap.  
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Figure 2-12. Time-resolved emission of Os-doped 4a at 580 and 680 nm which are 
dominated by Ru and Os emission respectively. 
 
 The extent of quenching is so large in the 1.0% Os sample that after 500 ns the Ru 
emission is virtually gone and all that remains is the Os emission. Under these conditions the 
Os excited-states are isolated from each other and decay with a single-exponential lifetime of 
257 ns. This lifetime is in agreement with what was observed previously with isolated 
Os(bpy)3
2+  
in Zn(bpy)3
2+
.
14
 
 The emission properties of 4b are slightly different than what is observed for 4a but it 
is challenging to distinguish between the effect of the structural differences and the 
crystallinity of the sample. The lifetime of 4b at 580 nm is 760 ns compared to 1305 ns for 
4a. The steady-state emission of 4b is also lower in energy that 4a, as shown in Figure 2-9.  
The extent of quenching in Os-doped 4b can be calculated as before with 65% and 90% 
quenching for the 0.2% and 1.0% Os loading respectively. Direct evidence of energy transfer 
is also observed in 4b with a growth in the Os emission transient at 680 nm. 
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Figure 2-13. a) Steady-state emission from Os doped 4b and b) time-resolved emission at 
580 nm of Os-doped 4b. 
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Figure 2-14. Time-resolved emission of Os-doped 4b at 580 and 680 nm which are 
dominated by Ru and Os emission respectively. 
 
Table 2-1. Average lifetime of various Os doping levels of 4a and 4b under nitrogen and in 
air. 
Sample 4a average lifetime 4b average lifetime 
Ru N2 1305 760 
Ru air 144 - 
Os N2 53 49 
Os air 5 - 
0.2% Os 306 260 
1.0% Os 81 80 
4a, 4b, Os doped 4a, and Os doped 4b were measured at 580 nm. 4a-Os and 4b-Os were 
measured at 710 nm. Samples 4a and 4a-Os prepared under N2 were fit with a single-
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exponential while the other samples were fit with a biexponential and reported as an average 
lifetime. Samples labeled air were synthesized in the presence of oxygen and then argon 
bubble degassed for 30 minutes prior to measurement. 
 
 The most revealing data on the effect of the different oxalate frameworks of 4a and 
4b can be observed in the 680 nm transients of the 1.0% Os doped samples. Because of the 
very high efficiency of Ru to Os quenching after 500 ns the Ru emission is virtually 
eliminated. The only emission that remains is from Os sites that are sufficiently separated 
from each other that Os to Os energy transfer is unlikely. The higher energy Ru sites do not 
quench the Os excited state and therefore it decays in a nearly defect free environment as 
shown by the difference in steady-state emission of the 1.0% Os sample compared to the pure 
Os sample. The emission decays with a single exponential lifetime which is also indicative of 
the highly uniform environment. The intrinsic Os emission lifetime is 259 ns in 4a and 228 
ns in 4b which suggests the higher emission energy and longer lifetime of 4a is a result of the 
framework geometry and not increased defects in 4b. 
 A modified Stern-Volmer lifetime analysis was performed on the Os-doped MOFs to 
determine the relative rates of energy transfer. The relative rate of energy transfer can be 
compared between different structures by plotting the ratio of the Ru only lifetime, τ0, vs the 
Ru lifetime, τ, at a given Os doping level. The increased rate of energy transfer in the oxalate 
frameworks compared to previous systems may be a result of the dimensionality of energy 
transfer. In MOF-1, energy transfer occurred along a 1-D chain as a result of 3 orders of 
magnitude higher dexter coupling within the chain compared to alternate energy transfer 
pathways. In the oxalate framework however, each chromophore is surrounded by 6 nearest 
neighbors each at a distance of 9.4 Å. This 3-dimensional energy transfer network allows for 
sampling a larger number of sites within the crystal. 
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Figure 2-15. Summary of Os-doped MOFs as a function of change in Ru emission lifetime 
vs mole fraction Os.  
 
 2.3.1 Emission Spectral Fitting 
 
 The rigid environment of the oxalate framework leads to a high energy Ru emission 
with strong vibronic structure. The chromophores are insulated from solvent and therefore 
the emission is not broadened as in room temperature solution experiments. In fact, the 
emission spectral fitting shows similarity to what is observed for Ru(bpy) 3
2+
 in a frozen 
solution at 77 K. Franck-Condon spectral fitting analysis can give insight into the distortion 
of the chromophore between the excited state and ground state and therefore a 
reorganizational energy can be calculated which is an important parameter in energy transfer 
modeling. 
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Figure 2-16. Steady-state emission of 4a (black) and simulated emission spectra (green) at 
RT. 
 
Table 2-2. Spectral fitting parameters. 
 E0 / cm
–1
 
  1/2 / 
cm
–1
 
ħ M / 
cm
–1
 
ħ L / 
cm
–1
 
SM SL r 
4a 17896 612 1290 386 0.98 1.49 0.99846 
4a-Os 14191 864 953 
 
1.09 
 
0.99803 
4a 1% Os 14607 626 1400 687 0.42 0.36 0.99755 
4b 17781 717 1283 340 0.97 1.70 0.99928 
4b-Os 14137 899 998 
 
0.98 
 
0.99580 
4b 1% Os 14530 632 1403 680 0.42 0.38 0.99727 
[Ru(bpy)3](PF6)2 
77K
15
 
17390 ± 
50 
625 ± 95 
1380 ± 
22 
400 ± 12 
1.00 ± 
0.03 
1.20 ± 
0.18  
[Os(bpy)3](PF6)2
77K
15
 
14175 ± 
23 
635 ± 44 
1325 ± 
20 
400 ± 10 
0.53 ± 
0.02 
0.87 ± 
0.08  
 
Franck-Condon analysis is the spectral fitting analysis which evaluates the electronic 
structures and the vibrational characters of the complex in the excited-state, given in equation 
2-2.
15,16
 
       
 
             
   
 
 
 
  
  
   
  
  
  
   
           
               
  
 
 
 
  
    
 
     
(eq 2-2) 
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where I( ) is the emission intensity at the energy in wavenumber (cm–1), relative to the 
intensity of the 0→0 transition.  00 is the energy gap between the zeroth vibrational levels of 
the ground- and excited-states.  M and  L are the quantum spacings for two accepting 
averaged vibrational modes of medium and low frequency, respectively. SM and SL are the 
Huang-Rhys factors reflecting nuclear distortion along the medium- and low-frequency 
quantum modes.  1/2 is the full width at half-maximum (fwhm) for individual vibronic lines, 
and they include contributions from solvent librations and low-frequency molecular modes 
treated classically.  
 The photon numbers of the emission spectra were corrected in wavenumber scale by 
using equation I( ) = I() x 2 and, then, the parameters  00, SM, SL,  M,  L,  1/2 were 
optimized with a least squares minimization routine using a Generalized Reduced Gradient 
(GRG2) algorithm. The summation was carried out over 11 levels of vibration (M = 0 → 
10). 
 Usually the emission spectra of ruthenium(II) polypyridal complexes at room 
temperature can be satisfactorily expressed by one-mode Franck-Condon analysis, given in 
eq 2-3. This is a simplified modulation of two-mode Franck-Condon analysis implementing 
one acceptor vibration mode in the excited-state fitting, due to their broad and structureless 
spectra. 
       
        
  
 
 
 
  
  
   
           
          
    
 
 
       (eq 2-3) 
 The emission spectra of 4a or 4b could not reproduced by using one-mode Franck-
Condon analysis (eq 2-3) because of the narrow emission spectrum of the MOFs. Instead, 
two-mode Franck-Condon analysis (eq 2-2) could reproduce the observed emission spectrum 
 64 
 
as shown in Figure 2-9, and the obtained values were quite similar to those of the 
ruthenium(II) complex in a frozen glass matrix.  
 The Frank Condon spectral fitting analysis calculated the excited-state 
reorganizational energy to be 0.25 eV by equation 2-4. As expected, vibronic structure is also 
observed with 4a-Os which is similar to Os(bpy)3
2+
 in a frozen solution. 
  
      
 
        
             (eq 2-4) 
Table 2-3. Biexponential fit parameters and average lifetime for Os-doped 1. 
1-xOs A1 τ1 A2 τ2 < τ > Lifetime (ns) 
0 27.1 239.9 72.9 663.4 613 
0.0011 28.3 205.2 71.7 611 564 
0.0017 30.1 190.4 69.9 510.7 466 
0.0032 26.1 151.1 73.9 400.3 371 
0.0062 33.5 79.8 66.5 234 211 
0.0129 34 45 66 134 121 
1.00 19.7 5.04 80.3 15.63 15 
 
Table 2-4. Biexponential fit parameters and average lifetime for Os-doped 2. 
2-xOs A1 τ1 A2 τ2 < τ > Lifetime (ns) 
0 22.9 453 77.1 1178 1104 
0.0012 15.1 312 84.9 1032 995 
0.0023 15.8 286 84.2 947 912 
0.0050 22.7 276 77.3 761 714 
0.0105 15.6 122 84.4 472 456 
0.0198 14.4 58 85.6 262 255 
1.00 15.8 10 84.2 31 30 
 
Table 2-5. Biexponential fit parameters and average lifetime for Os-doped 3. 
3-xOs A1 τ1 A2 τ2 < τ > Lifetime (ns) 
0 15 43.8 85 140.9 136 
0.001 16.7 41.6 83.3 136.4 131 
0.002 19.3 44.2 80.7 135.6 129 
0.004 20.5 41 79.5 130.8 124 
0.009 21.7 36.4 78.3 118.6 112 
0.017 26.8 32.8 73.2 104.3 97 
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Table 2-6. Biexponential fit parameters and average lifetime for Os-doped 4a. 
4a-xOs A1 τ1 A2 τ2 < τ > Lifetime (ns) 
0.00 
    
1305 
0.002 15.2 134 84.8 319 306 
0.01 53.8 44 46.2 99.9 81 
1.00 
    
53 
 
Table 2-7. Biexponential fit parameters and average lifetime for Os-doped 4b. 
4b-xOs A1 τ1 A2 τ2 < τ > Lifetime (ns) 
0.00 20 285 80 802 760 
0.002 15.6 106 84.4 271 260 
0.01 26.3 31.4 73.7 85.9 79.6 
1.00 13.8 19 86.2 50.3 48.5 
 
2.4 Concluding Remarks 
 Isomorphous metal-organic frameworks based on photo-active Ru(II) or Os(II) 
polypyridal complex building blocks with characteristic strong visible light absorption, and 
long-lived,  high-energy excited states were designed and synthesized to study the classic Ru 
to Os energy transfer process for applications in light-harvesting with supramolecular 
assemblies.  The crystalline nature of MOFs allows for determination of the distances 
between metal centers by X-ray diffraction which leads to more precise modelling of energy 
transfer rates than in amorphous systems.  The Os doping level was systematically varied to 
experimentally determine relative rates of energy migration. Studies of oxalate frameworks 
with the photo-active component, Ru(bpy)3
2+
, trapped tightly inside the pores results in an 
emission with vibronic structure and show even more efficient Ru(bpy)3
2+
 excited state 
quenching than previously observed. Efficient long-range energy migration will be exploited 
and coupled to electron transfer for application in light-harvesting and amplified quenching 
in the following chapters. 
2.5 Experimental Section  
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 For the data reported in section 2.1 MOF emission transients were collected on a 
coupled microscope-time correlated single photon collection system. Two-photon absorption 
at 850 nm from an ultrafast mode-locked Ti:Sapphire laser was used for direct MLCT 
excitation at Ru
II
. The excitation beam is reflected off a dichroic mirror (R: 850-1100 nm, T: 
450-780 nm) into the objective (Olympus MSPlan 50x, NA 0.8) of an inverted microscope.  
Backscattered emission collected by the objective is transmitted through the beamsplitter, 
focused onto the entrance slit of a monochromator and detected by a photomultiplier tube 
operated in a time correlated single photon counting scheme.  The diameter of the excitation 
region is estimated to be ~350 nm.  The instrument response function of the system is ~200 
ps.  
 MOF samples were washed with ethanol, vacuum degassed, and flame-sealed into 
capillary tubes under nitrogen. It was determined that the removal of solvent had a large 
negative influence of the photophysical properties of the material as a result of crystal 
deformation. Later experiments were performed on suspensions of crystals in either 
acetonitrile or ethanol. Emission lifetimes on the MOF samples were collected on a coupled 
microscope time correlated single photon collection system described above.  Ru emission 
transients for all synthesized MOFs display biexponential kinetics suggesting the presence of 
different local environments within each structure.  Furthermore, due to the inherent 
localized excitation region (~350 nm) various sites within multiple crystals were measured.  
In fact, variations in lifetimes were observed.  Therefore, reported lifetimes were averaged 
from data collected at a series of locations in multiple crystals. The error bars represent the 
range of values obtained from the different individual sites. 
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Table 2-8. Lifetimes of Os doped 1 with varying amounts of the L1Os complex.
a
 
sample mol %Os amplitude1 τ1 (ns) amplitude2 τ2 (ns) 
1  0 0.41 ± 0.03 171 ± 30 0.59 ± 0.03 38 ± 7 
L0.3OsZn  0.3 0.38 ± 0.04 135 ± 31 0.62 ± 0.04 25 ± 6 
L0.6OsZn  0.6 0.37 ± 0.03 83 ± 9 0.63 ± 0.03 21 ± 3 
L1.4OsZn  1.4 0.36 ± 0.03 57 ± 10 0.64 ± 0.03 13 ± 2 
L2.6OsZn  2.6 0.37 ± 0.03 29 ± 4 0.63 ± 0.03 5 ± 1 
1-Os 100 0.40 ± 0.02 8 ± 1 0.60 ± 0.02 1 ± 0.3 
a
Data were taken from multiple crystals in each sample. Lifetime measurements of 1 and 
doped samples were taken at 620 nm and 1-Os MOF at 710 nm.  
  
 For emission data reported in section 2.3 the MOF particles were measured as a 
suspension in order to avoid creating defects by pulling vacuum. After crystal growth for 1, 
2, and 3 the MOF particles were washed three times with methanol and then three times with 
acetonitrile. The samples were argon bubble degassed for 30 minutes prior to taking 
measurements to remove any oxygen. Solvent evaporation, which would result in 
concentration changes, was prevented by pre-saturating the argon with MeCN by passing 
argon through a fritted gas washing bubbler before the gas manifold. Samples of 4a and 4b 
were synthesized under nitrogen and worked up inside a glove box. Magnetic stirring was 
used to keep the particles suspended so that the emission signal did not decrease from settling 
of the crystals. Long pass filters were used to eliminate light scattering artifacts. 
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CHAPTER 3    
INTERFACIAL ELECTRON TRANSFER TO REDOX ACTIVE MOLECULES 
AT THE CRYSTAL SOLUTION INTERFACE  
3. 1  Nano/Microscale MOFs for Light Harvesting 
 Nano/microscale MOFs have attracted recent interest due to the potential advantages 
over bulk phases of MOFs in biomedical and other applications.
1-5
 Crystal size also plays an 
important role in light harvesting. The crystal must be able to absorb a high fraction of the 
incident light but be small enough so that the majority of excited states reach the surface for 
electron transfer before the excited state decays. In order to determine the optimal size of a 
light-harvesting crystal an estimate of the transmission and absorptance of 2 as a function of 
pathlength was performed by using the Beer Lambert law, equation 3-1. An extinction 
coefficient of 15,000 M
-1
cm
-1
 was used, which is an upper limit for a MLCT transition. An 
effective concentration was determined to be 1.46 M based upon the volume of the unit cell 
calculated from XRD. This analysis shows that approximately 150 nm of penetration is 
required to absorb half of the incident light, while 90% is absorbed around 500 nm. It should 
be noted that this model does not include reflectance of light off the crystal surface which 
would change initial light intensity but not the ratio of absorbed vs. transmitted light. 
                        –                                    (eq 3-1) 
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Figure 3-1. Transmission and absorptance of 2 as a function of distance calculated from the 
Beer-Lambert law with ε=15,000 M-1cm-1 and c=1.46 M. 
 
 
Figure 3-2. a) Schematic representation of a light-harvesting MOF microcrystal. The 
3
MLCT 
excited states undergo rapid intra-framework energy migration to carry out electron transfer 
quenching at the MOF/solution interface. b) Chemical structures of the photo-active MOF 
building blocks and reductive (TMBD) and oxidative (BQ) quenchers. 
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 In order to utilize the antenna effect illustrated in the previous chapter, redox active 
quenchers were introduced to suspensions of microcrystals of 1 and 2 to examine light-
harvesting characteristics. Microcrystals of 1 and 2 were prepared by procedures reported in 
Chapter 1. SEM images showed that disk-shaped particles of 1 were ~100 nm in thickness 
and ~3 µm in diameter. Needle-like microcrystals of 2 fractured upon drying, but are ~750 
nm in diameter and >10 µm in length. This suggests that the crystals synthesized in this work 
are in the proper size regime such that individual crystals absorb the majority of light but are 
not so large such that the core is inactive.   
 
Figure 3-3. (a) SEM image of disk-like microcrystals of 1. (b) SEM image of rod-like 
microcrystals of 2. Scale bars represent 5 µm. 
 
 The scattering of visible light, as a result of the MOF dimensionality, made traditional 
UV-vis absorbance measurements of little value. MOF absorptance values were calculated 
from equation 2. Both transmission and reflectance measurements were required in order for 
accurate characterization. The samples were prepared as uniform films of crystals held 
between glass slides. An integrating sphere attachment was used to capture reflected light. 
Characteristic MLCT absorption bands dominate visible spectra as they do in solution. In the 
1-Os and 2-Os, characteristic low energy, low absorptivity S → T MLCT absorptions appear 
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at 550-750 nm with strong overlap with Ru(II)* MOF emissions. This overlap is an 
important feature to allow for Ru → Os energy transfer. The emission measurements were 
performed on magnetically stirred, degassed suspensions in MeCN. 
                –               –                                (eq 3-2) 
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Figure 3-4. Absorptance and emission of (a) 1 and 1-Os and (b) 2 and 2-Os. 
  Os complexes L1Os–H4 and L2Os–H4 could be doped into microcrystals of 1 and 2. 
The mixed Ru/Os MOFs are isomorphous to Ru-only MOFs as shown by PXRD. 
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Figure 3-5. a) PXRD patterns of microcrystals of 1 with various Os doping levels: the mol% 
Os (from top to bottom) is 0.0, 0.11, 0.17, 0.32, 0.61, 1.29, and 100. b) PXRD patterns of 2 
with various Os doping levels: the mol% Os (from top to bottom) is 0.0, 0.12, 0.23, 0.50, 
1.04, 1.98, and 100.  
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3.2  Emission Quenching of 1 and 2 by Interfacial Electron Transfer  
 
 The MOF emission decays without added quenchers were satisfactorily fitted with a 
bi-exponential expression. Emission decays with added redox quenchers could only be 
satisfactorily fit to a tri-exponential form. The values reported in Table 1 are average 
lifetimes (<τ>), calculated by using eq 3-3, where Ai is the amplitude and τi is the lifetime of 
a given component. Average lifetimes are used as a mathematical model to represent the 
system as a whole and the amplitudes and lifetimes of the individual components are not 
interpreted to have a physical meaning.  
           
                       (eq 3-3) 
        
        +    
        +    
                (eq 3-4) 
Table 3-1. Absorptance, emission, and lifetime data on Ru and Os MOFs suspended in 
degassed MeCN at 23°C ± 2°C.  
 
Abs. λmax 
(nm) 
Em. λmax 
(nm) 
average lifetime 
(ns) 
1 470 635 610 
2 435 630 1100 
1-Os 445 765 15 
2-Os 450 770 30 
 
 In order to demonstrate light harvesting, redox quenching was carried out with MOF 
microcrystals. Interfacial electron transfer quenching experiments were conducted by both 
emission intensity and lifetime measurements on stirred suspensions of the MOFs in 
degassed acetonitrile at 23°C±2°C with added oxidative quencher 1,4-benzoquinone (BQ; 
E
o’(BQ/BQ-) = -0.52 V vs SCE in acetonitrile with 0.1 M TBAH) or reductive quencher 
N,N,N’,N’-tetramethylbenzidine (TMBD; Eo’(TMBD+) = 0.43 V vs SCE in acetonitrile with 
0.1 M TBAH). In these experiments, stock suspensions of the MOFs were pipetted into 
cuvettes with the quencher subsequently added. The concentrations of MOF were ~40 µM 
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(based on Ru) as determined by digesting the sample with tetrabutylammonium hydroxide 
after data collection and measuring the absorbance of the released building blocks. 
 These data show that the extent of Ru(II)* emission quenching increases as the 
quencher concentration is increased. With added BQ, greater than 90% quenching of Ru(II)* 
in 1 is observed at ~0.3 M while >98% quenching in 2 is obtained at ~0.1 M BQ. As in 
solution quenching of related excited states,
7
 quenching is by oxidative electron transfer, 
Ru(II)* + BQ → [Ru(III)]+ + BQ·-. A major contribution from energy transfer is unlikely 
since the triplet energy of BQ is 18,600 cm
-1
, ~400 cm
-1
 higher than the lowest MLCT 
excited state energy in 2.
8
 Based on estimated Ru(II)* MOF excited state energies, the 
driving force for electron transfer is favored by 0.46 eV for 1 and by 0.35 eV by 2. 
Preliminary time-resolved electron paramagnetic resonance experiments provided direct 
evidence for the formation of semi-hydroquinone free radicals (HBQ·). Irradiation of an 
ethylene glycol suspension of 2 in the presence of BQ at 500 nm gave BQ·
-
 which 
subsequently abstracts a proton from ethylene glycol to yield HBQ·. 
 Similarly, with added reductive quencher TMBD, 98% of the Ru(II)* emission in 2 
was quenched at its solubility limit in MeCN (~20 mM). Quenching of 1 also occurs but 
much less efficiently. Quenching by TMBD must also have occurred by electron transfer 
given the absence of a low-lying acceptor excited state for TMBD. Reductive electron 
transfer quenching by TMBD, Ru(II)* + TMBD → Ru(II)]- + TMBD+., is favored by 0.74 eV 
for 1 and by 0.91 eV for 2.  
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Figure 3-6. (a) Steady-state and (b) time-resolved emission data for 2 with added BQ in 
degassed MeCN at 23°C ± 2°C. For a Stern-Volmer analysis of steady-state emission, 
emission intensity was integrated from 550-850. Lifetime data were obtained following 485 
nm excitation with monitoring at the emission max at 620 nm. (c-f) Steady-state and time-
resolved Stern-Volmer quenching analysis of 1 or 2 with BQ or TMBD. Quenching by BQ of 
(a) 1 (b) 2 (c) 2 with 0.1 M TBAH and (d) quenching of 2 by TMBD. 
 
 The driving force for electron transfer reaction can have large influences on the rate 
and therefore it must be considered. The excited-state redox potentials of 1 and 2 can be 
estimated from the Ru III/II potential obtained from square-wave voltammetry and the 
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emission energy. The E0 value was taken to be the energy at 10% of the emission maxima at 
the blue edge and was added to the Ru III/II potential to estimate the reduction potential of 
the excited-states of 1 and 2. 
Table 3-2. Excited-state redox potentials of 1 and 2. 
 Ru III/II Ox (V vs SCE) Ru II* red (V vs SCE) 
1 1.17 -0.98 
2 1.34 -0.87 
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Figure 3-7. Cyclic voltammetry of BQ in acetonitrile with 0.1 M TBAH at 50 mV/s. 
 
600 500 400 300 200 100 0 -100 -200
-3.0x10
-5
-2.0x10
-5
-1.0x10
-5
0.0
1.0x10
-5
2.0x10
-5
a
m
p
s
mV (vs Ag/Ag+)  
Figure 3-8. Cyclic voltammetry of TMBD in acetonitrile with 0.1 M TBAH at 50 mV/s. 
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Figure 3-9. Thermodynamics of electron transfer quenching reactions reported vs SCE in 
MeCN. The Ru (III/II) potentials were determined from squarewave-voltametry and RuII* 
reduction potentials were estimated by adding E0 to Ru(III/II) . E0 was estimated to be the 
energy at 10% of the blue edge of the emission maximum. 
 
 Although there is 0.79 eV of driving force for the reaction between 1* and TMBD the 
efficiency is quite low, while 2 is quenched rapidly. With added BQ the quenching efficiency 
of 2 was still greater than 1 but the difference was not as drastic. 
0.000 0.005 0.010 0.015 0.020
0
15
30
45
I 0
/I  
 1
 2
[TMBD] M  
Figure 3-10. Steady-state emission quenching of the Ru MOFs by TMBD at 500 nm 
excitation. Intensity values were obtained by the integrated emission from 550 to 850 nm.  
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Figure 3-11. Steady-state emission quenching of the Ru MOFs by BQ at 500 nm excitation. 
Intensity values were obtained by the integrated emission from 550 to 850 nm.  
 
 3.2.1 Quencher/MOF Association 
 At the heart of the microscopic model used to describe the steady-state and time-
resolved Stern-Volmer data is the equilibrium between the quencher (Q) in solution and 
quencher bound to the crystal surface. The fraction of occupied surface sites is described by 
the Langmuir isotherm: 
     
     
       
    (eq 3-5) 
where FSQ is the fraction of sites with surface-bound quencher, [Q] is the quencher 
concentration and KA is the association constant.    
 For quenching of 1 by BQ, the Stern-Volmer plots reveal nearly parallel variations of 
Io/I and τo/τ with increasing quencher concentration. This behavior is qualitatively consistent 
with minimal pre-association and/or relatively slow electron transfer with a minor role for 
static quenching. A significant difference in behavior was observed for 2. For both oxidative 
quenching by [BQ] and reductive quenching by [TMBD], plots of Io/I vs. [quencher] are 
dramatically upward curving while the τo/τ data deviate only slightly from linearity. These 
observations are consistent with pre-association and quenching by both static and dynamic 
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quenching mechanisms. The reversible pre-association of quenchers at the MOF/solution 
interface of 2 was confirmed by 
1
H NMR studies on quencher-soaked MOF microcrystals 
and by the release of TMBD from the MOF microcrystals in fresh solutions as probed by 
luminescence measurements. 
 A sample of 2 was soaked in 20 mM TMBD in MeCN overnight. The crystals were 
then filtered and washed with MeCN and the TGA shows an additional 5% organic weight 
loss which corresponds with associated TMBD.   
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Figure 3-12. Thermogravimetric analysis of 2 after soaking overnight in a 20 mM TMBD 
solution in MeCN or pure MeCN.  
 
 The dynamics of this association can be examined by monitoring the steady-state 
emission at a single wavelength. MOF-2 crystals were mixed with a quencher solution (0.05 
M BQ or 0.01 M TMBD in MeCN) and then immediately monitored. It can be observed that 
the emission declines as the quenchers diffuse into the first few layers of the MOF with BQ 
reaching equilibrium more quickly than TMBD. This effect was not observed for 1, which is 
consistent with the negligible association constant predicted. The crystals were soaked in the 
quencher solutions for approximately 1 hour and were then isolated by centrifugation. The 
reversibility of the interaction between 2 and the quenchers was tested by suspending the 
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isolated crystals in pure MeCN and monitoring the emission intensity as a new equilibrium is 
reached. As the quenchers dissociates, the emission intensity increases and as before the 
equilibrium is reached more quickly for BQ, about 5 minutes, than with TMBD which is still 
increasing after 40 minutes. 
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Figure 3-13. Normalized steady-state emission intensity of 2 at 650 nm with added TMBD 
or BQ to fresh crystals and quencher associated crystals in fresh MeCN. 
 
 NMR was used to quantify the ratio of Ru monomer to associated quencher by 
soaking the crystals overnight in 0.3 M BQ or 0.02 M TMBD in MeCN, quickly washing 
with acetone, and then digesting the sample in deuterated DMSO with DCl. MOF-1 had only 
trace amounts of BQ which is consistent with the redox emission quenching occurring by a 
diffusional mechanism at the MOF/solution interface. With 2, there is some extent of 
penetration of the quenchers into the pores and the trend is the same with the predicted 
association constant. One BQ molecule is incorporated for every 40 Ru complexes and the 
ratio increases for TMBD with one molecule for every 10 Ru complexes. PXRD was 
collected on the crystals after soaking in the quencher solutions overnight and no significant 
changes were observed.  
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Table 3-3. Ratio of Ru to quencher after soaking overnight in a 0.3 M BQ or 0.02M TMBD 
solution as determined by 
1
H NMR. 
Sample Ru to quencher ratio 
1 with BQ >100 to 1 
2 with BQ 40 to 1 
2 with TMBD 10 to 1 
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Figure 3-14. PXRD pattern of 2 after soaking in 0.02M TMBD, 0.3 M BQ, or pure MeCN 
overnight. 
 
3.3  Modified Stern Volmer Quenching Analysis 
 Luminescence quenching behaviors were modeled using the series of reactions 
depicted in the figure below, with quenching by BQ as the example. In the scheme it is 
assumed that quenching occurs at the MOF-solution interface after migration from the core 
of the crystal and that there are two quenching pathways. One pathway is diffusional, kD, 
while in the other is static, kS, which involves pre-association at the surface followed by 
interfacial quenching. 
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Figure 3-15. MOF emission quenching with BQ. 
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 The constants in Figure 3-15 are: (i) F (or γ): The fraction of excited states that reach 
the MOF-solution interface. kmig is the migration rate constant for energy transfer from core 
sites to the surface or the product of the number of energy transfer steps and the Ru(II)* to 
Ru(II) hopping rate. τ0 is the excited state lifetime without added quencher.  (ii) KA: The 
association constant between the quencher and MOF surface. (iii) kS: The rate constant for 
BQ quenching of Ru(II)* at the surface, [Ru(II)*]surface. (iv) kD: The rate constant for 
diffusional quenching of Ru(II)* at the MOF-solution interface. 
 Photoexcitation produces excited states (Ru*) throughout the crystal, which then have 
to migrate to the surface in order to be quenched. The result is three classes of Ru excited 
states: (1) those trapped in the core of the crystal and inaccessible to quencher, (2) those 
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located at the crystal surface that are quenched by a pre-associated quencher (static 
quenching) and (3) those located the surface sites without pre-associated quencher and hence 
are quenched by quenchers in solution (diffusional quenching).    
 The emission intensity is the sum of these three contributions. The emission intensity 
emanating from the crystal interior is given by equation 3-7. In this expression (1- γ) 
represents the fraction of excited states that remain in the core of the crystal and are 
inaccessible to quencher and I0 is the emission intensity in the absence of quencher.  The 
static and diffusional quenching contributions are then given by equations 3-8 and 3-9 where 
(kRu*)
-1
 = τ0. 
                     (eq 3-6) 
                   (eq 3-7) 
          
    
       
     (eq 3-8) 
              
    
          
    (eq 3-9) 
The quantity corresponding to the steady-state Stern-Volmer measurement is then given by 
equation 3-10. 
  
 
             
    
       
            
    
          
  
  
 (eq 3-10) 
 The luminescence decay corresponding to these three emitting components will be a 
sum of three decaying exponentials where the amplitudes are given by the equations below. 
                                                                    
         (eq 3-11) 
                  (eq 3-12) 
                  (eq 3-13) 
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                      (eq 3-14) 
For the decay expressed above, the average lifetime can be written as: 
    
      
 
    
 
 
       
 
       
 
 
       
 
        
 
 
      
 
    
        
 
       
        
 
        
 
  (eq 3-15) 
Based on this, the time-resolved Stern-Volmer quantity can be expressed as: 
  
 
 
 
       
        (eq 3-16) 
 The steady-state and time-resolved Stern-Volmer equations were simultaneously fit to 
the experimental data using a nonlinear least-squares regression analysis to extract values for 
the 4 adjustable parameters: KA, γ, kS and kD.  The value for kRu* was obtained through direct 
measurement of the emission decay in the absence of quencher. The fitting results for the 
Stern-Volmer analysis for BQ and TMBD quenching of 1 and 2 are summarized in Table 3-
10. For oxidative quenching of 1 by BQ the results of the kinetic analysis are consistent with 
a small pre-association constant (KA = 1.9 M
-1
), high fraction of excited states captured at the 
interface (γ = 0.99), and relatively slow electron transfer quenching with kS = 2.5x10
7
 s
-1
 and 
kD = 9.5x10
7 
M
-1
s
-1
. The appearance of dual channels for quenching may have a microscopic 
origin in multiple quenching sites at the crystal-solution interface or may be due to quenching 
at different faces of the crystal. For quenching of 2 by BQ, KA = 35 M
-1, γ ~ 1, kS = 2.3x10
8
 
s
-1
; and kD = 1.1x10
8
 M
-1
s
-1
. A role for the surface interaction in 2 is supported by less 
efficient quenching with added electrolyte. With 0.1 M added tetrabutylammonium 
hexafluorophosphate (TBAH), KA = 14 M
-1, γ ~ 1, kS = 2.6x10
7
 s
-1
; and kD = 2.9x10
7
 M
-1
s
-1
. 
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Table 3-4. Fitting Results of Stern-Volmer Plots in MeCN at 23 °C ± 2°C. 
 KA (M
-1
) γ kS (ns
-1
) kD (10
7
 M
-1
s
-1
) 
1 - BQ 1.9±1.8 
0.9996 
±0.0002 
0.0246 
±0.005 
9.5±0.9 
2 - BQ 35.1±3.4 1.000 
0.230 
±0.052 
11.4±0.6 
2 - BQ, TBAH 13.7±1.8 
0.9992 
±0.0014 
0.0265 
±0.006 
2.9±0.2 
2 - TMBD 259±31 1.000 >15 34.4±4.4 
 
3.4 Concluding Remarks  
 Microscale MOFs based on photo-active Ru(II)-bpy building blocks have 
demonstrated “antenna”-like behaviors with high electron transfer efficiencies (>98%) 
toward both oxidative and reductive quenching. Efficient electron transfer quenching results 
from rapid energy migration over several hundred nanometers followed by efficient electron-
transfer quenching at the MOF/solution interface. This is significant in demonstrating MOFs 
as a viable approach to light harvesting coupled with energy conversion by excited state 
quenching and electron transfer. Addition of catalytic components to light-harvesting MOFs 
may lead to interesting novel hybrid materials for efficient artificial photosynthesis. 
Additionally, attachment of MOF to planar electrodes could facilitate efficient light 
absorption without using high surface area materials like nanocrystalline TiO2. 
3.5 Experimental Section  
 After crystal growth the MOF particles were washed three times with methanol and 
then three times with acetonitrile. After soaking overnight in acetonitrile the crystals were 
washed once more to make a stock suspension with a concentration of approximately 1mM 
based on Ru. The Ru concentration was determined by adding tetrabutyl ammonium 
hydroxide to dissolve the particles and measuring the absorption spectrum. An aliquot of the 
MOF stock suspension in acetonitrile was combined with different amounts of quencher into 
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quartz cuvettes and capped with septa. This procedure gave reproducible MOF concentration 
between samples and concentrations from a typical experiment are shown below. 
Table 3-5. Sample preparation for quenching of 1 by BQ. 
Sample 1 stock in MeCN (mL) MeCN (mL) 0.3 M BQ in MeCN (mL) Final [BQ] M 
1 0.2 3.3 0 0 
2 0.2 3.0 0.3 0.0257 
3 0.2 2.3 1.0 0.0857 
4 0.2 1.3 2.0 0.1714 
5 0.2 0 3.3 0.2829 
  
 The samples were argon bubble degassed for 30 minutes prior to taking 
measurements to remove any oxygen. Solvent evaporation, which would result in 
concentration changes, was prevented by pre-saturating the argon with MeCN by passing 
argon through a fritted gas washing bubbler before the gas manifold. Magnetic stirring was 
used to keep the particles suspended so that the emission signal did not decrease from settling 
of the crystals. Steady-state emission was collected at 500 nm excitation and time-resolved 
experiments were excited at either 445 or 485 nm on an Edinburgh FLSP920 TCSPC 
spectrometer. For Ru only samples the emission was collected from 550-850 nm and Os-
doped samples were collected between 550-950 nm. Long pass filters were used to eliminate 
light scattering artifacts. 
 The time-resolved emission data collected with added quenchers was fit to a tri-
exponential and the parameters are shown below. In some cases, the amplitude of the short 
component is very small but was included such that the fits would be comparable. 
Table 3-6. Triexponential fit parameters and average lifetime for 1 with added BQ. 
[BQ] M A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 1.7 27.1 22 210.1 76.2 607.5 570.9 
0.02571 4.3 13.6 44.7 88.7 51 235.1 198.0 
0.08571 6.7 1.3 32.3 31.5 61 99.4 89.5 
0.17143 32.5 0.8 22.7 19.1 44.8 60.9 54.7 
0.28286 48.6 0.7 9.9 10.9 41.5 39.6 37.1 
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 Table 3-7. Triexponential fit parameters and average lifetime for 2 with added BQ. 
[BQ] M A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 0.8 36.6 15.4 360.6 83.9 1105.4 1063.0 
0.00171 0.8 30.6 15.3 283.3 84 902.1 868.4 
0.00571 1.6 35.7 19.6 232.7 78.8 649 614.3 
0.0114 1.7 19.1 18.5 137.6 79.9 451.4 430.4 
0.0189 1.5 10.2 19.6 87.6 78.9 313.3 298.5 
0.0286 3.1 15.9 23.8 83.3 73.1 253.3 236.3 
0.0429 4.2 12.1 24.6 49.8 71.2 159.7 148.5 
0.0571 4.8 10.2 31 43.2 64.2 133.4 120.7 
0.0943 3.6 2.3 32.1 18.8 64.4 68.9 62.8 
 
 
Table 3-8. Triexponential fit parameters and average lifetime for 2 with added BQ and 0.1M 
TBAH. 
[BQ] M A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 1 35.8 18.7 336.3 80.4 1012.2 963.3 
0.00857 2 42.1 21.8 270.6 76.3 757.6 711.6 
0.02857 2.5 30.1 22.5 165.5 75 501.2 470.1 
0.05714 4.4 27.1 25.3 119.4 70.3 357.4 330.6 
0.09429 2.4 4.4 22.7 55 75 223.9 212.1 
 
 
Table 3-9. Triexponential fit parameters and average lifetime for 2 with added TMBD. 
[BQ] M A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 1 54 16 408.5 83 1194 1144.8 
0.00171 2.5 38 20.5 192.2 77 583 550.5 
0.00571 4.4 20.3 30.5 120 62.1 376.7 340.9 
0.0114 4.9 9 29.7 60.1 65.4 219.1 201.0 
0.0189 5.5 2.5 27.7 25.6 66.8 117.6 109.8 
 
 N,N,N’,N’ tetramethylbenzidine (TMBD) was purified by a silicia column eluting 
with chloroform and 1,4 benzoquinone (BQ) was purified by sublimation.  Electrochemical 
measurements were performed on an BAS potentiostat/galvanostat. Voltammetric 
measurements were made with a planar EG&G PARC G0229 glassy carbon millielectrode, a 
platinum wire EG&G PARC K0266 counter electrode, and 0.01M AgNO3 TBAH reference 
electrode. 
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CHAPTER 4 
AMPLIFIED QUENCHING IN METAL-ORGANIC FRAMEWORKS 
4. 1  Introduction to Amplified Quenching 
 Amplified luminescence quenching, a signal gain as a result of interactions between a 
sensing material and analytes accompanied by rapid energy migration, has been 
demonstrated in fluorescent conjugated polymers functionalized with receptor sites.
1
 
Dramatic emission quenching enhancements have been observed compared to monomeric 
models due to a “molecular wire” effect with the conjugated polymer facilitating energy 
migration over long distances. As the excited-state migrates, it samples multiple receptor 
sites, thus requiring fewer receptor sites to be occupied by a quencher to elicit a significant 
spectroscopic response. Amplified fluorescence quenching of conjugated polymers is the 
basis of many practical sensing materials with extraordinarily high detection sensitivities.
2-4
 
To date, many types of conjugated polymers with singlet excited-states have been shown to 
exhibit amplified quenching.
5-14
 Phosphorescent materials capable of amplified quenching 
are potentially advantageous because the large red-shifts between light absorption and 
emission, as a result of intersystem crossing, can eliminate interference from the exciting 
light source in device configurations. Long-lived triplet excited-states of phosphorescent 
materials can also allow excited state migration over longer distances, potentially leading to 
even higher levels of amplified quenching.  
 Attempts at developing amplified quenching with phosphorescent platinum(II)-
acetylide polymers have been hindered by slow triplet diffusion despite long lifetimes of 20 
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µs.
15
 Quenching enhancements of 75-fold have been demonstrated in conjugated polymers 
with covalently linked Ru-bpy complexes
16
 although excited-state migration is likely by site-
to-site hopping rather than via the polymer backbone.
17
   
 
 
Figure 4-1. a) Schematic diagram illustrating amplified quenching in MOFs and b) chemical 
structures of the photo-active MOF building blocks and cationic quenchers (MV
2+
 and MB
+
) 
used in this work. L2 and L3 refer to the building blocks for MOF 2 and 3 respectively. 
 
 Metal-organic frameworks (MOFs) represent a new class of structurally ordered 
hybrid materials whose properties can be fine-tuned at the molecular level to suit many 
applications.
18-33
 In particular, our work described in chapters 2 and 3 demonstrated rapid 
energy migration over long distances
34
 and efficient electron transfer quenching at the 
interfaces of emitting MOFs, respectively.
35
 We surmised that MOFs composed of Ru(II)-
bpy building blocks offer a promising scaffold for amplified quenching based on their lowest, 
largely triplet metal-to-ligand charge transfer (MLCT) excited-states. We report here a 
remarkable example of MOF-based amplified quenching in Ru(II)-bpy-based MOFs by 
cationic quenchers with enhancements of up to 7000-fold compared to a model complex.   
b) 
a) 
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4. 2  Amplified Quenching Stern-Volmer Analysis 
 Excited state quenching was investigated by both emission intensity and lifetime 
measurements on stirred suspensions containing the MOF microcrystals in degassed 
acetonitrile with added methyl viologen (MV
2+
) or methylene blue (MB
+
) as the quenchers. 
The MOF concentrations were 15 μM (based on Ru) as determined by the absorbance of the 
released building blocks after dissolution in 1M HCl. Emission transients were satisfactorily 
fit to biexponential or triexponential decay functions for 3 and 2, respectively, and are 
reported as average lifetimes. Quenching results were analyzed by the Stern-Völmer 
expression in equation 4-1, in which Io is the integrated emission intensity without quencher 
and I is the intensity at a given quencher concentration. In a diffusional system, the Stern-
Völmer (SV) constant, KSV, is given by equation 4-2 with kq being the quenching rate 
constant and τo being the excited state lifetime without added quencher. When static 
quenching is the dominant mechanism, KSV is given by equation 4-3 with KA being the 
surface interaction constant and NS being the number of surface sites sampled by the excited 
state. 
                 (Eq 4-1) 
                         (Eq 4-2) 
                      (Eq 4-3)    
   
        
         
     (Eq 4-4)  
The quenching rate constant is kq and is limited by diffusion to a maximum value of around 2 
x 10
10
 in MeCN depending upon the size of the molecule. In a solution system governed by 
static quenching the slope of the emission intensity SV plot is the association constant, KA. 
The lifetime is unchanged with static quenching since emission is observed only from 
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molecules without associated quenchers. The relationship when both static quenching and 
dynamic quenching occur is shown below. 
  
 
                     =                        
         (Eq 4-5) 
A quadratic relationship occurs when both static and dynamic quenching are present. 
However, the upward curvature observed in amplified quenching here occurs at such a low 
quencher concentration that diffusional quenching cannot account for even 1% of the total 
quenching.  
 When measuring the time-resolved emission of complexes in solution, the SV 
analysis measures only dynamic (diffusional) quenching if static quenching within a pre-
associated chromophore-quencher pair is rapid. However, the time-resolved SV analysis of 2 
does exhibit a MV
2+
 dependence even in the absence of diffusional quenching. In the MOF 
microcrystals, static quenching is not entirely instantaneous because excited-state migration 
occurs from the core to a pre-associated quencher at the surface after a finite time, resulting 
in a dynamic decrease in the experimentally observed lifetime. 
4. 3  Amplified Quenching of 2 and 3 
 4.3.1  Amplified Quenching of 3 with MV
2+
 
 Single crystals of [Zn5(L3)2•(µ-OH)•(HCO2)•DMF•2H2O]•6H2O (3) were prepared 
by heating a mixture of L3Ru-H4 and Zn(NO3)2 in a solvent mixture of DMF and H2O for two 
weeks. Plate-like microcrystals of 3 of approximately 200 nm in thickness and several 
microns in diameter were prepared by heating the above mixture and formic acid for 5 days.   
 Single-crystal X-ray structure determination of 3 revealed a three-dimensional (3D) 
framework that crystallizes in the monoclinic space group P2/n and gives a formula of 
[Zn5(L3)2•(µ-OH)•(HCO2)•DMF•2H2O]•6H2O. There are two crystallographically distinct 
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four-metal centered cores in which Ru and Zn are bridged by cyano groups (simplified as 
rectangle with different colors in Figure 4-2b).  
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Figure 4-2. a) Stick/Ball model showing the four-Zn cores with cyano groups bridging 
between tetrahedral zinc and ruthenium centers in 3. b) Stick/polyhedral model showing the 
connection of the four-Zn cores to form the 3-D framework structure of 3. c) absorptance and 
emission spectra of 3, and d) steady-state and time-resolved SV plot of 3 with methyl 
viologen dication (MV
2+
) in acetonitrile with 485 nm excitation (15 µM based on Ru). 
Intensity values were obtained from the integrated emission from 650 to 950 nm; emission 
decays were monitored at 670 nm. Absorptance values were calculated from transmission 
and diffuse reflectance measurements. 
 
 3 emits at λmax = 655 nm with a lifetime of 150 ns. Emission quenching of 3* by 
MV
2+
 is efficient at low quencher concentrations. From the linear region of plots of Io/I vs 
[MV
2+
], KSV = 4.2 × 10
5
 M
-1
 for 3 with half quenching reached at [MV
2+
] = 2.4 µM. Given 
the Stern-Völmer relationship in eq 2 the apparent quenching rate constant, kq,app = 2.8 × 10
12
 
M
-1
s
-1
. This value is more than two orders of magnitude higher than the diffusion controlled 
b) a) 
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limit under these conditions, ruling out diffusional quenching. The MOF surface is partially 
terminated with carboxylate groups, promoting static quenching by binding MV
2+
 via ionic 
interactions on the surface, see below.  
 Emission quenching saturates at [MV
2+
] = ~50 µM, with 20% of the original emission 
intensity unquenched at I0/I = ~5. A microscopic model consistent with the experimental 
observations is shown in Scheme 4-3. In this model, initial surface binding of the cation 
occurs by an ionic interaction with the surface carboxylates (KA). The steady-state SV plot 
increases linearly with added MV
2+
 up to 5 µM. Quenching occurs by intra-MOF energy 
transfer via site-to-site hopping to the interface (kEN), where electron transfer quenching of a 
surface excited state occurs (kET).
37
 Electron transfer quenching is in competition with 
excited state decay (1/τo). For 3, quenching is incomplete even at high quencher 
concentration because of competitive excited state decay. Approximately 20% of the excited 
states remain unquenched even though quenching is expected to be complete at the surface.   
Figure 4-3. Mechanism of surface MOF quenching by MV
2+ 
(Ruc and Rus are core and 
surface sites) 
 (Ruc
II
)(Rus
II
-bpy-COO
-
) + MV
2+
  →   (Ruc
II
)(Rus
II
-bpy-COO
-
,MV
2+
)              (KA) 
 (Ruc
II
)(Rus
II
-bpy-COO
-
,MV
2+) + hν  →  (Ruc
II
*)(Rus
II
-bpy-COO
-
,MV
2+
) 
 (Ruc
II
*)(Rus
II
-bpy-COO
-
,MV
2+)   →  (Ruc
II
)(Rus
II*
-bpy-COO
-
,MV
2+
)           (kEN) 
 (Ruc
II
)(Rus
II*
-bpy-COO
-
,MV
2+)   →  (Ruc
II
)(Rus
III
-bpy-COO
-
,MV
+
)              (kET)                                                                                                                         
 (Ruc
II
*)(Rus
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-
,MV
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-
,MV
2+) + hν     (1/τo) 
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Figure 4-4. Time-resolved 630 emission of 3 with 100 µM MV
2+
 in MeCN upon 485 nm 
excitation. 
 
 The time-resolved emission spectra of 3 with 100 µM MV
2+
 in MeCN shows slower 
decay kinetics after washing with MeCN. The lifetime increases with successive washes, 
which suggests that unlike in 2 the MOF-quencher interaction is reversible. 
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Figure 4-5. a) Stern-Volmer lifetime analysis of Os-doped 3 and 2 as a function of Os mole 
fraction. Emission lifetime was measured at 620 nm which corresponds with Ru emission. b) 
PXRD of Os-doped MOF-3 with the following percent Os concentrations: (top to bottom) 
0.00, 0.0012, 0.0022, 0.0058, 0.0119, 0.0267, and 100.00%. 
 
 The relative rate of energy transfer for 3 and 2 can be determined by a Stern-Volmer 
analysis of the Ru lifetime as a function of Os mole fraction. The Ru lifetime decreases as the 
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Os content increases because of Ru to Os energy transfer quenching. The steeper slope in 2 
than in 1 demonstrates that energy transfer occurs at higher rate in 2 which may result in 
even more dramatic amplified quenching.
35
 The PXRD demonstrates that the doping of Os 
does not change the phase of the MOF.  
 4.3.2 Amplified Quenching of 2 with MV
2+
  
 2 emits with λmax = 630 nm and τ = 900 ns and is also partially terminated with 
carboxylate groups which can participate in surface ionic interactions. At low MV
2+
 
concentrations, in the linear response region, KSV = 3.2 × 10
6
 M
-1
 at a concentration of 15 
μM 2 (based on total Ru). This results in a kq,app = 3.6 × 10
12
 M
-1
s
-1
 which, again, is well 
beyond the diffusion controlled limit and consistent with static quenching as illustrated in  
Scheme 1. Based on lifetime measurements on Os
II
-doped MOFs , intra-MOF energy transfer 
in 2 is more rapid than in 1 and quenching of 2* proceeds essentially to completion as the 
concentration of MV
2+
 is increased. Quenching was 97% complete at [MV
2+
] = 2.8 µM with 
only 0.31 µM of MV
2+
 required for half quenching. This is several orders of magnitude less 
than required for half quenching of 2* by the neutral quenchers 1,4-benzoquinone (7400 µM) 
and N,N,N’,N’-tetramethylbenzidine (760 µM).35  
 The magnitude of KSV in the linear region is also dependent on the MOF 
concentration with KSV increasing as the MOF concentration decreases. This is a predicted 
result of the model in Scheme 1. It arises from a competition for MV
2+ 
by a limited number 
of surface sites. At lower MOF concentrations, there is a higher concentration of quenchers 
available per MOF particle.  
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Figure 4-6. a) Steady-state (I/Io) and b) time-resolved (τ/τo) SV plots of 2 (15 µM based on 
Ru) with methyl viologen (MV
2+
) in acetonitrile with 0.1 M tetra-N-alkylammonium 
hexafluorophosphate electrolytes (TMAH, TBAH, and THAH are the methyl, n-butyl, and n-
hexyl derivatives) at 485 nm excitation. Emission intensities were evaluated from the 
integrated emission spectra from 550 to 850 nm. Emission decay was monitored at 630 nm. 
 
 The steady-state emission SV plot in Figure 4-6a displays upward curvature or 
“superlinear” behavior. We reported similar behavior with neutral quenchers with small 
association constants arising from  simultaneous static and dynamic quenching.
35
 Given the 
absence of diffusional quenching for MV
2+
, there must be a different origin for the present 
systems. Upward curvature is a common observation for polymer-based amplified 
quenching
6, 8
 where it has been explained by invoking a “sphere of action” quenching 
mechanism
38
 or as a result of aggregation of polymer fluorophores.
6
 Superlinear behavior in 
the MOFs may arise from aggregation induced by neutralization of the negatively charged 
MOF surface by cationic quenchers. When samples are left unstirred, a suspension with 
added quencher settles faster than without quencher, which is consistent with surface 
association.   
 Emission quenching efficiencies for 2* by MV
2+ 
were investigated with added 0.1 M 
tetra-N-alkylammonium salts, (NR4)PF6. Steady-state SV plots, Figure 4-6a, were no longer 
superlinear. The magnitude of KSV with added electrolyte increased with cation size in the 
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order: NMe4
+
 (KSV = 6.2 × 10
4
 M
-1
) < N(n-butyl)4
+
 (KSV = 4.4 × 10
5
 M
-1
) < N(n-hexyl)4
+
 
(KSV = 2.4 × 10
6
 M
-1
). This dependence is qualitatively consistent with stronger electrostatic 
interactions with surface carboxylate sites as the cation radius decreases presumably 
enhancing the surface ion exchange equilibrium, -COO
-
,NR4
+
 + MV
2+
 ↔ -COO-,MV2+ + 
NR4
+
.  
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Figure 4-7. Time-resolved emission of 2 with 10 µM MV
2+
 in MeCN upon 485 nm 
excitation and 630 nm emission. 
 
 The time-resolved emission spectra of 2 with 10 µM MV
2+
 show slower decay 
kinetics after one MeCN wash but are unchanged after additional washing. The change in 
kinetics as a result of the first wash shows that dynamic quenching is occurring, however 
static quenching is still the dominant interaction. 
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Figure 4-8. Time-resolved emission of 2 with 10 µM MV
2+
 in MeCN with 0.1M TBAH 
upon 485 nm excitation and 630 nm emission. 
 
 The time-resolved emission spectra of 2 with 10 µM MV
2+
 in MeCN with 0.1M 
TBAH shows slower decay kinetics after one 0.1 M TBAH in MeCN wash but is unchanged 
after additional washing. The change in kinetics as a result of the first wash shows that 
dynamic quenching is occurring, and static quenching plays less of a role because of the 
interaction between the MOF and the electrolyte. 
 4.3.3 Amplified Quenching of 2 with MB
+
 
 Amplified quenching of 2* by methylene blue cation (MB
+
) was also observed. At a 
Ru concentration of 15 µM, KSV = 8.9 × 10
6
 M
-1
. At [Ru] = 3 µM, KSV increased to 2.7 × 10
7
 
M
-1
. Emission interferences occur for the quenching 2* with MB
+
, which are minimized by 
integrating the emission intensity from 750 to 850 nm . With MB
+
, the MOF-quencher 
interaction can be easily observed by eye. Mixing of a MOF suspension and a methylene blue 
solution followed by centrifugation results in noticeable color loss in the supernatant and a 
change in color of the MOF microcrystals from bright orange-red to green.  
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Figure 4-9. a) Steady-state emission of 2 (15 µM based on Ru) in acetonitrile with added 
methylene blue (MB
+
) upon 420 nm excitation and b) Stern-Völmer analysis of 2 with added 
MB
+
 by steady-state emission measurements and of Ru(bpy)2CN2 by time-resolved emission 
measurements. The emission intensity was integrated between 750-850 nm to minimize 
complications from absorption and emission from methylene blue. The first 50 ns after 
excitation were not included in the lifetime decay fits to avoid the contribution from 
methylene blue fluorescence at λmax 676 nm. 
 
 A surface interaction constant for MB
+
 and 2 (15 µM) was estimated by calculating 
the amount of surface-adsorbed dye by absorbance changes in the supernatant. Data acquired 
over the range of 1 - 3 µM MB
+
, with fitting to a Langmuir model, gave K = 7.5 × 10
4
 M
-1
 .  
With this value and the interpretation of KSV for static quenching in eq 3, the excited state is 
estimated to sample ~120 surface sites during its lifetime. At MB
+ 
concentrations above 3 
µM, the data deviate from Langmuir behavior apparently due to MB
+
---MB
+ 
aggregation on 
the MOF surface. The onset of aggregation is evident by the appearance of emission at 570 
nm. This observation is consistent with previous reports of ground state MB
+
 aggregation 
leading to blue shifts in absorption and emission spectra.
39
  
 Even though the interaction of 2 with both MV
2+
 and MB
+
 is irreversible, the powder 
X-ray diffraction pattern of 2 is unchanged after exposure to MB
+
, consistent with a surface 
interaction without structural disruption by intercalation throughout the MOF framework. 
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Figure 4-10. MOF concentration dependence with a) constant [MB
+
] of 86 nM and MOF-2 
concentrations of 60, 30, 15, and 7.5 µM normalized to Ru concentration and b) steady-state 
Stern-Volmer plots with MOF-2 concentrations of 15 or 3 µM and various MB
+
 
concentrations. 
 
 Emission interferences occur for the quenching 2* with MB
+
, which are minimized 
by integrating the emission intensity from 750 to 850 nm. The decrease in emission at the 
blue edge of the Ru spectrum is caused by an “inner filter” effect where the MB+ absorbs a 
portion of the high energy Ru emission. Also a weak emission occurs from directly excited 
MB
+
 at a λmax around 680 nm with a tail extending to lower energy. The SV plot of 2-Os with 
MB
+
 does not have the same interference as 2 since the lower energy Os emission can be 
integrated from 850 to 950 nm. 2-Os displays upward curvature as was observed with 2 
quenched by MV
2+
. It is expected that SV plot of 2 with added MB
+
 would be upward 
curving if emission from directly excited MB
+
 could be properly corrected. MB
+
 absorption 
and emission spectra are reported in Figure 4-17.  
 The strong interaction of MB
+
 with the MOF surface results in the concentration of 
MOF influencing the quenching efficiency. The graph in Figure 4-10a shows that when 
normalized to Ru concentration the extent of quenching is greater at low MOF 
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concentrations. At low MOF concentrations the quenching is more efficient because there are 
fewer binding sites to compete for association with a fixed number of quenchers. 
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Figure 4-11. MB
+ 
formation constant calculation with 2 by a) supernatant absorbance 
analysis by a Langmuir model (equation 4-6) and b) fit of the data to the Lineweaver-Burk 
equation (equation 4-7). 
 
       
     
  
         
    (eq 4-6) 
 
 
 
 
    
 
 
           
     (eq 4-7) 
 The amount of MB
+ 
adsorbed onto the MOF surface was calculated by measuring the 
change in absorbance after mixing a certain concentration of MB
+
 with 15µM 2 in 3.5 mL of 
MeCN. After mixing, the suspension was centrifuged to remove the MOF and the absorbance 
of the MB
+
 remaining in solution was measured. The data was fit to eq 3 where Γ is the 
amount of MB
+
 adsorbed onto the MOF in moles, Γmax is the maximum amount adsorbed, 
and KF is the formation constant per molar. As seen below in the PXRD, the adsorbed MB
+
 
does not change the structure of the MOF and is a result of interaction at the surface. 
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Figure 4-12. Powder X-ray diffraction pattern of 2 with MB
+
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Figure 4-13. Normalized steady-state emission of 2 with added MB
+
. 
 
 At concentrations above 3 µM the Langmuir model fails to accurately fit the amount 
of MB
+
 adsorbed onto the MOF surface. This is likely the result of MB
+
 aggregation which is 
evident by the growth in adduct emission at 570 nm.  
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Figure 4-14. Time-resolved emission of 2 with 28.6 µM MB
+
 in MeCN upon 445 excitation 
and 630 emission. 
 
  Time-resolved emission spectra of 2 with 28.6 µM MB
+
 is unchanged after washing 
twice with fresh MeCN. This shows that dynamic quenching is not occurring and only static 
quenching needs to be considered. 
 Quenching of 2* by MB
+
, as with MV
2+
, is probably by oxidative electron transfer. 
Quenching of the Os analog of 2 (2-Os) by MB
+
 is also rapid and does occur by electron 
transfer. Energy transfer is unfavorable in this case since its thermally equilibrated excited 
state is too low in energy to undergo energy transfer to MB
+
. The driving forces for electron 
transfer quenching for 2* and 2*-Os should be comparable. Excited-state oxidation potentials 
for Ru(bpy)3
2+
* and Os(bpy)3
2+
* only differ by ~0.1 V.
40 
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Figure 4-15. a) Steady-state and time-resolved SV plots for 2-Os (15 µM based on Os) in 
acetonitrile with added MV
2+
 upon 485 nm excitation. The emission intensity was integrated 
from 650-950 and the decay was monitored at 740 nm. b) Steady-state SV plot of 2-Os with 
added MB
+
 in acetonitrile upon 420 nm excitation. The emission intensity was integrated 
from 850-950 nm to minimize complications from emission of methylene blue.  
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Figure 4-16. MOF-2 Ru and Os emission overlap with MB
+
 absorption. 
 
 The emission energy of the Ru MOF has significant spectral overlap with the 
absorption of methylene blue and therefore the quenching could occur by either an electron 
transfer or energy transfer quenching mechanism. However, the overlap of the Os MOF is 
much less and is still efficiently quenched. This suggests that electron transfer is the 
dominant quenching mechanism because the excited state reduction potentials of the Ru and 
Os MOFs are approximately equivalent. 
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 2*-Os is quenched by both MV
2+
 and MB
+
 in acetonitrile at room temperature with 
KSV = 1.3 × 10
6
 M
-1
 and 5.1 × 10
6
 M
-1
, respectively. Upward curvature is also observed in the 
SV plots. The magnitudes of the SV constants in this case are half those for 2* even though 
the emission lifetime decreases from 900 ns for 2* to 30 ns for 2-Os*. Based on Scheme 1, 
this observation points to a considerably enhanced rate of intra-MOF energy transfer for 2-
Os*, kEN in eq 6, and a possible role for long-range singlet-singlet Förster transfer. Spin-orbit 
coupling is larger for Os with MLCT states ~30% singlet in character, promoting long-range 
dipole-dipole Förster transfer. Related observations have been made for energy transfer in 
crystalline solids.
41, 42
 The relative rates for Ru
II* →RuII compared to OsII* →OsII energy 
transfer can be estimated based on the assumption that the Ksv is proportional to the number 
of energy transfer steps by the excited-state. The KSV is equal to the product of the lifetime, 
the energy transfer rate, and a constant. The constant is dependent on the association 
constant, the rate of electron transfer, and the particle size. If these variables are assumed to 
be unchanged for the Ru and Os systems the relationship in Eq S7 holds. The equation can be 
rearranged in terms of a ratio of energy transfer rates and shows that Os to Os energy transfer 
is 12-17 times faster than Ru to Ru when experimental values are implemented.  
                                                                        (eq 4-8) 
                 =                                       (eq 4-9) 
                =                                       (eq 4-10) 
 Quenching studies were also conducted on Ru(bpy)2CN2 with MB
+
 in order to 
estimate the degree of amplification of emission quenching in the MOF compared to the 
neutral model compound in solution (Figure 4-18). In order to accurately quantify the 
quenching efficiency in solution, KSV was calculated from time-resolved data with the first 
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50 ns of data excluded to avoid MB
+
 emission. The quenching of Ru(bpy)2CN2 by MB
+
 in 
solution is far less efficient, with KSV = 3.9 × 10
3
 M
-1
.  Comparison with 2 gives an 
amplification factor of 7000 which is two orders of magnitude higher than those observed in 
earlier studies based on conjugated polymers with covalently linked Ru-bpy complexes.
16
 
This work thus demonstrates the remarkable ability of phosphorescent MOFs in amplifying 
luminescence quenching as a result of long-distance intra-MOF energy transfer and efficient 
electron transfer quenching at the interface. The tunability and crystalline structures of MOFs 
should allow for the design of systems for selective sensing of chosen analytes and merits 
further investigation. 
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Figure 4-17. Absorption and emission of MB
+ 
in MeCN. 
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Figure 4-18. Ru(bpy)2CN2 with methylene blue in degassed acetonitrile (a) steady-state 
emission upon 420 nm excitation (b) time-resolved emission upon 445 nm excitation and 
monitoring emission at 700 nm (c) time-resolved Stern-Volmer analysis. The first 50 ns after 
excitation were not included in the fits to avoid methylene blue emission. 
 
 The direct excitation of MB
+ 
becomes significant at high concentrations and distorts 
the steady-state emission spectra. This problem can be avoided by measuring the emission 
lifetime and fitting the long component which corresponds to Ru emission. 
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4.4 Concluding Remarks 
 
 The light harvesting characteristics of the MOFs allow them to be utilized as highly 
responsive sensors by an amplified quenching mechanism with the highest triplet excited 
state quenching amplification in the literature. Strong noncovalent interactions between the 
MOF microcrystal surface and cationic quencher molecules coupled with rapid energy 
transfer through the MOF microcrystal facilitates amplified quenching with an enhancement 
of 7000-fold in the Stern-Völmer quenching constant compared to a model complex. With 
the synthetic tunability of MOFs it is likely that frameworks can be designed to have 
selective interactions with a desired analyte for further advancements in chemical sensing.  
4.5 Experimental Section 
 
 After crystal growth, the MOF particles were washed with methanol and isolated by 
centrifugation three times and then washed with acetonitrile three more times. After soaking 
overnight in acetonitrile, the crystals were centrifuged once more to make a stock suspension 
with a concentration of 0.26 mM based on Ru. The Ru concentration was determined by 
adding 0.2 mL of the MeCN stock solution into 3.3 mL of 1M HCl and measuring the 
absorption spectrum. An aliquot of the MOF stock suspension in acetonitrile was combined 
with different amounts of quencher into quartz cuvettes and capped with septa. This 
procedure gave reproducible MOF concentration between samples and concentrations from a 
typical experiment are shown in Table S5. 
Table 4-1. Sample preparation for quenching of 2 by MV
2+
. 
Sample 
2 stock in MeCN 
(mL) 
MeCN 
(mL) 
3.0 µM MV
2+
 in MeCN 
(mL) 
Final [MV
2+
] 
µM 
1 0.2 3.3 0 0 
2 0.2 3.0 0.3 0.257 
3 0.2 2.3 1.0 0.857 
4 0.2 1.3 2.0 1.714 
5 0.2 0 3.3 2.829 
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 The samples were degassed for 30 minutes by bubbling with argon (to remove any 
oxygen) prior to taking measurements. Solvent evaporation, which would result in 
concentration changes, was prevented by pre-saturating the argon with MeCN by passing 
argon through a fritted gas washing bubbler before the gas manifold. Magnetic stirring was 
used to keep the particles suspended so that the emission signal did not decrease from settling 
of the microcrystals. For the quenching experiments with MB
+
, the steady-state emission and 
time-resolved data were collected by exciting at 420 and 445 nm, respectively.  For the 
quenching experiments with MV
2+
, the samples were excited at 485 nm. For MV
2+
, the SV 
plots were generated from the integrated emission from 550-850 nm. For MB
+
, the steady-
state state SV plots are reported as the integrated intensity from 750-850 nm to avoid the 
region where MB
+
 in solution acts as an inner filter on Ru emission. Long pass filters were 
used to eliminate light scattering artifacts. 
Table 4-2. Biexponential fit parameters and average lifetime for 3 with added MV
2+
 in 
MeCN at 485 nm excitation and 670 nm emission. 
[MV
2+
] M A1 τ1 A2 τ2 <τ> Lifetime (ns) 
0.00 20.4 58.6 79.6 158 149.4 
4.29E-06 20.6 25 79.4 118 113.2 
1.43E-05 25 21.2 75 115 109.6 
2.86E-05 25.6 20 74.4 113 107.7 
4.71E-05 26 18.4 74 111 105.9 
2.86E-04 23.4 16.2 76.6 104 100.0 
5.71E-04 24.2 15 75.8 100 96.1 
9.43E-04 26.8 15.4 73.2 98.5 94.0 
 
Table 4-3. Triexponential fit parameters and average lifetime for 2 with added MV
2+
 in pure 
MeCN at 485 nm excitation and 630 nm emission. 
[MV
2+
] µM A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 1.5 57.5 23.3 374 75.2 963 899 
0.257 2.9 52.7 36.7 355 60.4 875 770 
0.857 4.9 27.4 31.9 160 63.2 490 442 
1.714 11.9 18.5 47 96.7 41.1 377 310 
2.829 25 13.7 38.4 61.8 36.6 271 225 
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Table 4-4. Triexponential fit parameters and average lifetime for 2 with added MV
2+
 in 0.1 
M TMAH at 485 nm excitation and 630 nm emission. 
[MV
2+
] µM A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 7.2 194 54.2 778 38.6 1507 1187 
0.257 6.4 206 43.5 698 50.1 1391 1168 
0.857 3.4 115 36.5 568 60.1 1273 1119 
1.714 6.1 161 46.7 671 47.2 1351 1117 
2.829 6.3 178 43.5 649 50.2 1276 1073 
 
Table 4-5. Triexponential fit parameters and average lifetime for 2 with added MV
2+
 in 0.1 
M TBAH at 485 nm excitation and 630 nm emission. 
[MV
2+
] µM A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 1.5 55.8 22.2 362 76.3 951 891 
0.257 1.8 49 26.7 348 71.5 877 808 
0.857 2.2 52 24.9 320 72.9 817 757 
1.714 2.8 59 25.7 295 71.5 780 720 
2.829 2.8 38.7 31 276 66.2 761 689 
 
Table 4-6. Triexponential fit parameters and average lifetime for 2 with added MV
2+
 in 0.1 
M THAH at 485 nm excitation and 630 nm emission. 
[MV
2+
] µM A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 1.6 48.7 19.4 326 79 915 867 
0.257 2.5 40.7 26.1 252 71.4 700 647 
0.857 6.9 40.3 35.3 212 57.8 598 526 
1.714 7 25 33.2 143 59.8 493 442 
2.829 8.7 21.6 36.2 133 55.1 492 435 
 
Table 4-7. Triexponential fit parameters and average lifetime for 2-Os with added MV
2+
 in 
MeCN at 485 nm excitation and 740 nm emission. 
[MV
2+
] µM A1 τ1 A2 τ2 A3 τ3 <τ> Lifetime (ns) 
0 5.3 4.4 43.5 18.1 51.2 35.3 29.9 
0.257 5.8 3.4 41.6 14.8 52.6 30.9 26.3 
0.857 6.5 2.2 47.7 10.7 45.8 25.9 21.2 
1.714 13.5 1.9 48.6 8.4 37.9 23.9 18.8 
2.829 16.6 1.1 44.1 4.7 39.3 15.6 12.6 
 
Table 4-8. Lifetime for Ru(bpy)2CN2 with added MB
+ 
in MeCN at 445 nm excitation and 
700 nm emission. 
[MB
+
] µM Lifetime (ns) 
0 246 
5.71 241 
11.4 235 
22.9 227 
45.7 209 
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CHAPTER 5 
THERMAL POPULATION OF A LIGAND-BASED TRIPLET IN 
[Ru
II
(bpy)2(phendione)]
2+ 
AT ROOM TEMPERATURE 
5. 1  Introduction to Singlet-Triplet Gaps in Organic Molecules 
 Organic triplet states have long been studied photochemically, and are of particular 
interest in the emerging fields of spintronics and molecular electronics for their magnetic 
properties and the ease of synthetic manipulation of organic systems.  Typically these states 
are only accessible via photoexcitation, as the singlet-triplet (S-T) energy gaps for Kekulé-
structures are on the order of 12,000-20,000 cm
-1
.  These states can be stabilized through 
synthetic modification and careful molecular design thus modulating the molecular orbital 
coefficients, extending the conjugation and reducing the HOMO-LUMO gap, or introducing 
some level of strain.  Even with the litany of stabilization motifs available to the synthetic 
chemist, very few Kekulé structures present thermally accessible triplet states, requiring S-T 
gaps less than ca. 2000 cm
-1
. Wirz and coworkers have prepared highly conjugated 
napthoquinodimethane derivatives with S-T gaps on the order of 500-1000 cm
-1
, with one 
such example even favoring a triplet ground state.
1
 Others involve elaboration of the para-
quinodimethane core, offering conjugated systems with thermally accessible S-T gaps.
2
 
However, often these systems suffer from instability to high temperatures, oxygen, and light 
which limits their potential in a more robust device configuration. 
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5. 2  Observation of a Thermally Populated Triplet in [Ru
II
(bpy)2(phendione)]
2+
 
 We report here on the unexpected observation of paramagnetic character in the stable 
complex [Ru
II
(bpy)2(pd)](PF6)2 (5, bpy = 2,2ʹ-bipyridine, pd = 1,10-phenanthroline-5,6-
dione, or phendione) and initial investigations into the origin of the paramagnetism.
3
 
Complex 5 is a widely utilized precursor for preparing more elaborate ligand systems
4, 5
 and 
the electrochemistry has been previously reported.
3
 Our initial interest in this system was 
exploitation of the [Ru
III
(bpy)2(pd
•-
)]
2+
 excited state towards proton-coupled electron transfer, 
in a similar fashion to that studied previously in [Ru
II
(bpy)2(bpz)]
2+
.
6, 7
 Initial studies 
concluded that the lifetime of the [Ru
III
(bpy)2(pd
•-
)]
2+
  state is extremely short-lived due to 
rapid intramolecular quenching because it was not observable by ns transient absorption (10 
ns time resolution). As such its action in PCET could not be probed; however, these studies 
led to the discovery of previously unreported phenomenon of paramagnetic character. 
 5.2.1  Emission Studies in Solution 
 Complex 5 is very weakly emissive in acetonitrile solution (57 μM) with a λmax of ca. 
640 nm and a lifetime of 748 ns.  Although this emission appears structurally similar to 
[Ru
II
(bpy)3]
2+
, a potential impurity in the synthesis, the behavior of the emission observed for 
5 with added water is clearly different than [Ru
II
(bpy)3]
2+
.  Surprisingly, with increasing 
water concentration, the emission gains intensity and presents a bathochromic shift, while the 
single exponential lifetime decreases.  By the energy gap law,
8
 the decrease in lifetime is 
consistent with this bathochromic shift as a result of faster non-radiative decay processes.  
However, the increase in intensity is inconsistent with a shorter lifetime, as the quantum yield 
and lifetime are directly proportional.  This observation can be explained by the formation of 
an emissive species by a chemical reaction of 5 with water forming a monohydrated 
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phendione (5a), where one molecule of water adds across one half of the dione, affording a 
ketone/diol.  This addition product breaks the quinoid core conjugation and greatly reduces 
the electron accepting ability, thus turning on emission.  The hydration chemistry of 
phendione has been characterized previously by NMR and electrochemical methods, but is 
only observed when N-coordinated to metals or a proton, activating the dione to attack.
9-11
 As 
a result of hydration, the reduction potentials of coordinated phendione-OH2 shift much 
higher relative to the mild potentials of coordinated-phendione, rendering it less effective at 
quenching the 
3
MLCT excited state in 5a.  It is likely that the minor emission observed in 
“pure” acetonitrile originates from this hydrated complex, rather than the phendione 
complex, due to the presence of trace water (ca. 0.5 mM in standard acetonitrile). This 
explains the observed emission behaviors, where the facile quenching observed for 5 is 
thought to be an intramolecular oxidative quenching mechanism to the dione (o-
benzoquinone mimic), a quenching pathway removed in 5a.   
 
Figure 5-1. Hydration equilibrium of [Ru
II
(bpy)2(phendione)]
2+
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Figure 5-2. [Ru
II
(bpy)2(phendione)]
2+
 (a) emission spectra and (b) lifetime and intensity 
versus water concentration. 
 
 5.2.2 Nuclear Magnetic Resonance Studies 
 When 5, purified by Sephadex chromatography and multiple recrystallizations, is 
dissolved in anhydrous d
3
-acetonitrile at 10 mM, the 
1
H-NMR spectrum is sharp, and all of 
the expected proton signals are present (blue, Figure 5-3).
5
  If that same purified sample is 
dissolved in D2O, the NMR spectrum dramatically changes, with broadening of several 
resonances and the appearance of minor features associated with species 5a from the 
chemical equilibrium process (black, Figure 5-3).  Interestingly, if the concentration is 
reduced to 1 mM in anhydrous d
3
-acetonitrile (red, Figure 5-3), the three phendione signals 
are broadened significantly, while the bpy signals remain sharp and unshifted (a similar 
effect is observed in d
6
-DMSO, Figure 5-4). 
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Figure 5-3.  
1
H-NMR spectra of [Ru
II
(bpy)2(phendione)]
2+
 collected at 10 mM in CD3CN 
(blue), 1 mM in CD3CN (red), 1 mM in CD3CN/0.25% D2O (green), and in D2O (black).  
Asterisks correspond to the phendione protons as labeled in Figure 5-4. 
 
 
Figure 5-4.  
1
H-NMR spectra of [Ru
II
(bpy)2(phendione)]
2+
 collected at 10 mM (blue) and 1 
mM (red) in DMSO.  Asterisks correspond to the phendione protons. 
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 The broadening of the phendione signals in the 1 mM d
3
-acetonitrile sample could be 
reduced, nearly returning the original diamagnetic spectrum, with the addition of as little as 
0.25% D2O (green, Figure 5-3), note that the water concentration is low enough that neither 
the equilibrium product nor peak shifts are observed. This broadening follows an opposite 
concentration dependence than that typically observed due to non-covalent interactions, and 
suggests paramagnetic character as an origin of the broadening. A similar localized 
broadening effect in the NMR was recently reported by Nakamura, et. al. for a 
quinodimethane derivative as a consequence of a thermally populated triplet state.
2
  The 
broadening behavior in the 
1
H-NMR of 5 is clearly linked to both substrate concentration and 
the presence of water, the latter of which had a dramatic effect on the emission spectra.  The 
presence of a phendione-localized thermally populated triplet (5b) could provide both a rapid 
relaxation mechanism for the photophysics, in the absence of water, as well as a broadening 
mechanism for the NMR in dilute solution, as high concentrations could lead to spin 
relaxation phenomena affording a diamagnetic NMR.  However, DFT calculations place the 
lowest lying triplet as a phendione localized biradical with a calculated singlet-triplet gap of 
13,000 cm
-1
, appropriate for an organic S-T gap, and far beyond the thermally accessible 
regime. 
 
Figure 5-5. Singlet-triplet equilibrium of [Ru
II
(bpy)2(phendione)]
2+
. 
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Figure 5-6. Spin density calculated at the B3LYP/6-31G
*
 level for the lowest lying triplet 
state of [Ru
II
(bpy)2(phendione)]
2+
 (5b), a dione centered biradical state.  Positive spin density 
in blue, negative spin density in green. The numerical values for the Mulliken spin densities 
for phendione are shown. 
 
 To probe any temperature dependence on the broadening observed, variable 
temperature 
1
H-NMR was collected on a 1 mM sample of 5 in d
3
-acetonitrile, from 260 K – 
340 K. At temperatures below ca. 290 K, the phendione resonances sharpen, affording the 
expected diamagnetic NMR spectrum.  As the temperature is increased, these three peaks 
begin to broaden, at different rates, and there is an apparent downfield shift of all the 
bipyridine proton resonances, again with a different magnitude.  Interestingly, a residual 
water peak appears between ca. 2.29 ppm and 1.97 ppm, which demonstrates a steady ca. 
0.04 ppm/10 K upfield shift with increasing temperature.  This is likely a manifestation of the 
5-5a equilibrium, dynamic on the NMR timescale at low concentrations of water, which is 
shifted towards 5 with increasing temperature.  This temperature dependent broadening and 
observed shifts in the bpy-proton resonances suggest the possibility of a paramagnetic 
species. 
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Figure 5-7. VT-
1
HNMR for a 1 mM sample of 5 in d
3
-acetonitrile collected from 260 K to 
340 K.  10 mM sample at 298 K shown for reference, starred peaks highlight phendione 
protons. All spectra are referenced to CD2HCN. 
 
 
Figure 5-8.  VT-
1
HNMR for a 1 mM sample of 5 in d
3
-acetonitrile collected from 260 K to 
340 K in the range 2.40 – 2.00 ppm illustrating the large temperature-dependent chemical 
shift dependence for a water peak.  Peak assigned to H2O in the NMR solvent following 
0.25% spike with H2O. 
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 5.2.3  Electron Paramagnetic Resonance Studies 
 Following the photophysical and NMR observations, complex 5 was studied in both 
solid and solution state by EPR spectroscopy at X-band.  Initial experiments on the powder 
reveal an anisotropic, featureless signal centered at ca. g = 2.005 with a total spectral width 
of ca. 25 G, typical for an organic radical.  When a sample of 5 is dissolved in anhydrous 
acetonitrile, a similar, symmetric signal is observed with no resolvable fine structure; an 
analogous spectrum is obtained in DMSO, with a stronger intensity.  Given the unexpected 
concentration dependence demonstrated in the NMR experiments, a similar profile was 
examined by EPR.  For a paramagnetic impurity at low concentration (< 5 mM) in the 
absence of significant intermolecular interactions, one would expect the spectral intensity to 
scale linearly with concentration.  Figure 5-10A presents the spectral evolution from an 
initial concentration of 5 mM; dilution of the sample with anhydrous acetonitrile affords a 
sharp increase in the spectral intensity, before falling off, due primarily to low concentrations 
(ca. 0.01 mM) reaching the detection limit of the instrument.   
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Figure 5-9.  Room temperature (293 K) EPR spectra for powder samples collected at a 
center field of 3363.87 G, modulation of 5 G, sweep time of 2 min, time constant of 0.1 s and 
3 scan average:  (A) 5 at a 50 G sweep width, 2000 gain setting, (B) 5 at a 500 G sweep 
width, 2000 gain setting, and (C) 6 at an 800 G sweep, 100 gain setting. 
 
 In a separate experiment, two samples of 5 were prepared at ca. 1 mM in CD3CN – 
one anhydrous and one with ca. 0.25% D2O.  
1
H-NMR were first collected, demonstrating 
the broadened spectrum attributed to paramagnetism in the anhydrous sample, and the 
sharpened spectrum expected for the diamagnetic complex in the ‘wet’ sample.  The NMR 
samples were then taken directly to the EPR for measurement and a significant paramagnetic 
signal was observed for the anhydrous sample while virtually no signal could be detected in 
the wet sample (Figure 5-10B).  This result links the appearance of broadening in the 
phendione resonances observed by NMR to the presence of a paramagnetic signal in the 
EPR. The paramagnetism can be subsequently eliminated in the presence of D2O, thus 
10 Gauss 100 Gauss
B)A)
200 Gauss
C)
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restoring the diamagnetic NMR spectrum observed at higher concentrations.  The minor EPR 
signals observed for both the wet and >5 mM anhydrous samples would likely not greatly 
affect the NMR spectrum, given the higher sensitivity of EPR over NMR.   
 
Figure 5-10. Initial EPR spectra of 5: (A) Concentration dependence of EPR signal intensity, 
(B) 1 mM CD3CN NMR Sample (red) vs. 1 mM CD3CN/0.25% D2O NMR sample (blue). 
 
 With a direct correlation of the behavior observed in the NMR and EPR spectra, the 
origin of the paramagnetism is probed with variable temperature techniques to complement 
the VT-
1
HNMR results.  VT-EPR on 5 in a 1 mM solution in anhydrous acetonitrile reveals a 
strong temperature dependence on the intensity of the EPR signal (Figure 5-11), while the 
total spectral width and peak-peak distance remains unchanged.  Note that at only ca. 278 K 
the signal approaches baseline.  The thermal-induced behaviors are consistent with 
magnetometry results for 5, which demonstrate a temperature dependence to χpara•T and 
suggest a large χTIP, tending towards zero at low temperature, indicative of a singlet ground 
state (Figure 5-12).   
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2.5 mM
1 mM
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0.01 mM
5 Gauss 5 Gauss
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Figure 5-11. VT-EPR spectrum for 5 at 1 mM in CH3CN collected at 10 K increments from 
233 K to 343 K. 
 
 
Figure 5-12. SQUID Magnetometry plotted as χpara•T vs. T for a powder sample of 5.  (A) 
Uncorrected χpara•T values obtained, positive slope component suggests large χTIP 
component; (B) Corrected χpara•T values, following subtraction of a straight line. 
 
 Given that the phendione ligand contains an ortho-quinone core, a semiquinone-type 
radical must be considered for the observed signal.  The semiquinonate forms of both the free 
phendione (pd
•-
) and 5 (5
•-
) are known,
12
 as well as several other semiquinonate-containing 
Ru-phendione complexes.
13, 14
 The free ligand and N,Nʹ-bound derivatives pd•- and 5•- have 
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been studied through electrochemical generation, and both present narrow EPR signals, with 
well resolved hyperfine.
12
  The O,Oʹ-bound monomer and dimeric complexes (6 and 7) have 
also been reported, and are characterized by a broad featureless signalat ca. g = 2.015 with a 
total spectral width of ca. 500 G.
13, 14
   
 
Figure 5-13. Simulated EPR spectra of pd
•-
 (black) and 5
•-
 (red) using reported hyperfine 
values,
12
 with experimental spectra obtained for 5 (green) and 5
•-
 (blue) at 5 G modulation 
included for comparison. 
 
 
Figure 5-14. Fluid solution EPR spectra of 6 in anhydrous CH3CN at 1 mM (red) and 10 mM 
(blue).  Note the increase in EPR signal intensity with concentration, expected for a doublet, 
contrary to the observed decrease in intensity observed with 5. 
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Figure 5-15. Structures of paramagnetic species considered but ruled out. 
 5.2.4  Optical Spectroscopy 
 The electronic absorption and infrared spectra for 5 and 6 were collected for 
comparison.  Figure 5 shows the electronic absorption spectra for 5 and 6, where 6 is 
dominated by a band at 950 nm, attributed to a d(πRu) → π
*
(sqSOMO) MLCT (expanded views 
provided in Supporting Figure 9).
13-18
  This band is virtually absent in 5, which is dominated 
by the typical d(πRu) → π
*
(phendione) bpy-localized MLCT band at ca. 435 nm.
3
  A key 
point here is the absence of any significant absorption in 5 at 950 nm, suggesting there are no 
semiquinone-containing species present.  A similar result was obtained for 5 in DMSO 
solution.  
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Figure 5-16. Electronic Absorption spectra for 5 (red) and 6 (blue) in acetonitrile. 
 
 Infrared spectra for solid samples of both 5 and 6 were also obtained for comparison 
(Figure 5-17).  The IR spectrum of 5 is dominated by the C=O absorption at ca. 1700 cm
-1
, 
indicative of the dione moiety.
3, 19
  The spectrum of 6 lacks this 1700 cm
-1
 band, and is rather 
dominated by a typical semiquinone stretch at ca. 1430 cm
-1
.
13, 14, 17, 18
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Figure 5-17. Infrared spectra for solid samples of 5 (red) and 6 (blue).  (Top) Full spectral 
region, (B) Zoom 1800-1000 cm
-1
 region. 
 
 Based on the comparison of EPR, electronic absorption, and infrared spectra of 5 and 
6, it appears clear that an O,Oʹ-bound semiquinonate structure is not responsible for the 
observed paramagnetic behavior.  Additionally, the 
1
H-NMR spectrum for 6 shows complete 
broadening of all of the resonances, expected for a radical species with a permanent magnetic 
moment.   
 The equilibrium 5↔5b representing the dione-localized singlet-triplet states is 
consistent with the experimental observations, with DFT placing the energy gap at ca. 13,000 
cm
-1
.  The effects observed on the 
1
H-NMR suggest a minor paramagnetic contribution, 
likely not originating from a permanent doublet, and the primary broadening effect is 
localized to the phendione resonances with a minor shift in the remaining bpy proton 
resonances.  The EPR experiments correlate with the onset of broadening in the NMR 
experiment, and are representative of an organic paramagnetic species.  Both magnetic 
resonance techniques demonstrate a strong temperature dependence on the observed 
phenomena, suggestive of thermal population of a paramagnetic state, as well as inverse 
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concentration dependence, which could be due to spin lattice relaxation or triplet-triplet 
annihilation mechanisms.  The presence of any O,Oʹ-bound semiquinonate species has been 
ruled out through NMR, EPR, and optical spectroscopies, in not only the spectral appearance, 
but also the dependence on concentration and temperature.  The observed paramagnetic 
character also appears to be directly related to metal coordination, which is consistent with 
the reliance on N-coordination in the phendione hydration chemistry (electron withdrawing 
character activates C=O bond for attack).  These experimental observations suggest that a 
thermally accessible triplet, rather than a doublet impurity, is a reasonable source for the 
observed paramagnetic behaviors, which suggests the DFT results overestimate the singlet-
triplet gap. In the 5b form, the ring aromatizes, offering some degree of stabilization, but the 
typical S-T energy gap for an organic remains large.  The presence of the Ru-center, 
however, offers a dense excited state manifold, through which spin-orbit coupling and 
configuration interaction can conspire to stabilize the phendione-triplet state.   
5.3  Substituent effects on [Ru
II
(bpy)2(phendione)]
2+ 
paramagnetic behavior 
 Preliminary studies on a series of [Ru
II
(N-N)2(pd)]
2+
 complexes (N-N = 2,2ʹ-
bipyridine with electron donating or withdrawing substituents) show this paramagnetic 
behavior is not limited to 5, but rather is a general phenomenon, dependent on the electronic 
structure of the ligand set. The bpy substituents have a large impact on the Ru III/II potential 
(a range of 360 mV) but only change the first phendione reduction potential by about 60 mV. 
This small change in the reduction potential of phendione is a result of the extent of back-
bonding based on the electron density at the Ru center. 
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Figure 5-18. Structure of [Ru
II
(N-N)2(pd)]
2+
 complexes. 
 
Table 5-1. Redox potentials of [Ru
II
(N-N)2(pd)]
2+
 vs Ag/Ag
+
 in 0.1M TBAH in MeCN. 
N-N Ru III/II pd/pd
·-
 
tmb 0.948 -0.461 
dmb 1.015 -0.453 
bpy 1.110 -0.440 
deeb 1.305 -0.400 
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Figure 5-19. Cyclic voltametry of [Ru
II
(N-N)2(pd)]
2+
 vs Ag/Ag
+
 in 0.1M TBAH in MeCN. 
The solution was insufficiently degassed to observe reversible ligand reductions past the first 
pd reduction. 
 
 Paramagnetic behavior was observed in all of the [Ru
II
(N-N)2(pd)]
2+
 complexes 
shown in Figure 5-18 to various degrees. The complexes with electron donating ligands, tmb 
and dmb, show an observable but weak signal compared to the parent compound. The 
incorporation of an electron withdrawning ligand, deeb, led to an increase in the 
paramagnetic signal. This may be a result of enhanced configuration interactions as the 
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excited state energy decreases and has more mixing with the ligand based triplet. These 
electronic effects will be more closely examined in future work.  
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Figure 5-20. EPR spectra of [Ru
II
(N-N)2(pd)]
2+ 
complexes at a 1mM concentration in 
MeCN. VT-EPR spectrum for Ru(deeb)2pd at 1 mM in MeCN from 5
º
C to 78
º
C. 
 
5.4  Concluding Remarks 
 A detailed experimental investigation into the paramagnetic behavior of 5 supports 
the presence of a thermally-accessible paramagnetic species, 5b.  The presence of this 
species may force reevaluation of the quenching mechanisms observed in a wider class of 
ruthenium polypyridal complexes, which may lead to a greater insight into the function of 
many of these complexes as luminescent sensors and catalysts. Additionally, the ability to 
control spin-state with mild stimuli such as solvent or temperature may allow for the use of 
related compound in spintronic applications.  
5.5  Experimental Section 
 [Ru
II
(bpy)2(pd)](PF6)2 and [Ru
II
(bpy)2(O,Oʹ-pd)](PF6) were prepared according to 
reported methods.
3, 13
 All solvents were obtained from Fisher and used as received, unless 
noted otherwise.  
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 Ru
II(4,4’dimethylbpy)2Cl2. Ru
II(4,4’dimethylbpy)2Cl2 was prepared by the reaction 
of 2 equivalents of 4,4’dimethylbpy (658 mg, 3.57 mmol) with Ru(cyclo-octadiene)Cl2 
polymer (500 mg, 1.78 mmol) in 20 mL of argon degassed o-dichlorobenzene for two hours 
at 160 °C. After cooling to room temperature, the solution was precipitated by the addition of 
ether; the solid was filtered and washed with ether. Yield: 897 mg (93%).  
 [Ru
II(4,4’dimethylbpy)2(pd)](PF6)2. [Ru
II(4,4’dimethylbpy)2(pd)](PF6)2 was 
prepared by reacting Ru
II(4,4’dimethylbpy)2Cl2 (200 mg, 0.37 mmol) with 1.2 equivalents of 
phendione (93.6 mg, 0.44 mmol) in thoroughly degassed 1:1 water:ethanol at reflux 
overnight. If the solvent is not degassed the reaction gives multiple products. Yield: 313 mg 
(87%). 
 [Ru
II(4,4’,5,5’tetramethylbpy)2(pd)](PF6)2. 
[Ru
II(4,4’,5,5’tetramethylbpy)2(pd)](PF6)2 was prepared in the same manner as 
[Ru
II(4,4’dimethylbpy)2(pd)](PF6)2  with similar yield. The ligand 4,4’,5,5’tetramethylbpy 
was available from previous studies within the lab. 
 [Ru
II(4,4’COOEtbpy)2(pd)](PF6)2. [Ru
II(4,4’COOEtbpy)2(pd)](PF6)2 was prepared 
in the same manner as [Ru
II(4,4’dimethylbpy)2(pd)](PF6)2 with similar yield. The ligand 
4,4’COOEtbpy was made according to literature procedure.20 
 Photophysics. Steady-state and time-resolved emission experiments were performed 
on an Edinburgh FLSP920 spectrometer in quartz cuvettes. The TCSPC measurements were 
collected using an EPL-445 laser with sub-100 ps pulse width.  
 DFT Calculations. Theoretical calculations were carried out by using density 
functional theory as implemented in Gaussian09, revision A.02.21 Becke’s three-parameter 
hybrid functional22-25 with the LYP correlation functional26 (B3LYP) was used. For Ru, the 
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LANL2 relativistic effective core potential and associated uncontracted basis set was used, in 
combination with the 6-31 g* basis for the ligands (C, N, O, and H). 
 NMR Spectroscopy. 
1
H NMR spectra were recorded on a Bruker Ultrashield 600 
Plus NMR spectrometer at 600.13 MHz and referenced to the residual solvent proton 
resonance of water (δ 4.79 ppm) or acetonitrile (δ 1.94 ppm).  Variable Temperature 1H-
NMR spectra were recorded on a Bruker 500 NMR spectrometer at 500.13 MHz and 
referenced to the residual solvent resonance of acetonitrile (δ 1.94 ppm). 
 Electron Paramagnetic Resonance Spectroscopy.  All EPR spectra were recorded 
at X-band at room temperature (unless noted otherwise) on a JEOL FA-100 continuous-wave 
spectrometer.  Powder spectra were recorded at room temperature on solid samples in quartz 
sample tubes.  Fluid samples were collected on anhydrous CH3CN solutions (0.01 mM – 5 
mM) in ca. 1.6 mm OD capillary tubes.  Dilutions were prepared from a common 5 mM 
stock; wet samples were prepared by adding DI water. 
 Magnetometry.  Magnetic susceptibilities were measured on a Quantum Design 
MPMS-XL7 SQUID Magnetometer using an applied field of 0.1 T for Curie plots.  
Microcrystalline samples (ca. 35mg) were loaded into gelcap/straw sample holders and 
mounted to the sample rod with Kapton tape.  Data from the gelcap samples were corrected 
for the sample container and molecular diamagnetism using Pascal’s constants as a first 
approximation. 
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